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The! intervertebral! disc! (IVD)! is! the! largest! avascular! organ! in! the!human!body! that!
undergoes!a!profound!degeneration!early!in!life.!One!of!the!hallmarks!of!IVD!degeneration!is!
the! pronounced! cell! death! and! senescence,! which! added! to! the! fact! of! being! a! nond
vascularized!organ! results! in! a! poorer! chance!of! selfdrepair.! IVD! repair/regeneration! is! the!
ultimate!challenge!for!spine!researchers.!
In! this! doctoral! dissertation,! the!design!of! a!new!strategy! for! IVD! regeneration!was!
pursued,! based! on! the! repopulation! of! the! degenerative! IVD! with! viable! cells! that! would!
replenish!the!lost!matrix!and!stimulate!endogenous!cells.!Cell! transplantation!to!the!IVD!for!
that! purpose! has! been! widely! investigated.! However,! here,! we! aimed! to! circumvent! cell!
transplantation!by!recruiting!cells!towards!the!damaged/degenerating!tissue.!With!that!in!mind,!
part!of!this!work!was!dedicated!to!get!proof!of!concept!that!human!mesenchymal!stem/stromal!
cells! (hMSCs)! could! migrate! from! the! cartilaginous! endplate! (CEP)! towards! a! damaged!
disc/nucleotomized!disc.!!
hMSCs! not! only! migrated! but! also! have! contributed! for! extracellular! matrix! (ECM)!
remodeling! by! increasing! the! expression! of! collagen! type! II! and! aggrecan.! These! two! key!
components!of!the!IVD!are!known!to!provide!to!this!organ!its!unique!biomechanical!properties!
and! function.!Driven!by! this!achievement,!we! further!explored! the!hypothesis!of!enhancing!
hMSCs! recruitment! towards! the! IVD! to! improve! the! disc! repopulation! upon!
damage/degeneration.!For! this,!a! thermoreversible!chemoattractant!hyaluronan!(HA)dbased!
















route! for! cells! migration! in! the! IVD,! and! has! further! contributed! to! the! development! of! a!
chemoattractant!delivery!system!that!can!significantly!enhance!stem!cell!migration!to!the!IVD!
and!accelerate!repair.!!!
Together! with! recent! findings! describing! the! ability! of! discs! to! secrete! themselves!
recruitment!factors!and!the!existence!of!stem!cells!niches!in!the!IVD!surroundings,!we!consider!
that!the!work!herein!described!presents!new!perspectives!for!the!development!of!innovative!




































características! da! degeneração! do! IVD! é! a! exacerbada!morte! celular! e! senescência,! que!






endógenas.!O! transplante! de! células! para! este! fim! tem! sido! amplamente! investigado.! No!
entanto,!neste!projeto,!o!nosso!objetivo!foi!contornar!o!transplante!celular,!recrutando!células!
em! direção! ao! tecido! danificado/degenerado.! Com! este! objetivo! em! mente,! parte! deste!
trabalho! foi! dedicado! a! demonstrar! que! células! mesenquimatosas! estaminais/estromais!




II! e! agrecano.! Ambos! são! componentes! fundamentais! da! ECM,! que! providenciam! a! este!
tecido! propriedades! biomecânicas! e! funções! únicas.! No! seguimento! deste! resultado,! foi!
explorada!a!hipótese!de!se!potenciar!o!recrutamento!de!hMSCs!para!o!disco,!aumentando!
desta!forma!o!repovoamento!do!disco!após!lesão/degeneração.!Para!tal,!foi!desenvolvido!um!
sistema! quimiotático! usando! um! hidrogel! termoreversivel! composto! de! ácido! hialuronico!
(HAP)! e! contendo! uma! conhecida! quimiocina,! SDFd1! (stromal! cell! derived! factord1).! Este!
sistema!de! libertação,!demonstrou!ser!capaz!de! libertar!de! forma!controlada!a!quimiocina,!
tanto!em!condições! in$vitro!como!num!modelo!ex$vivo!de!disco.!Além!disso,!a!presença!do!
HAP!contendo!SDFd1,!foi!capaz!de!aumentar!significativamente!o!recrutamento!de!células!da!
CEP!para! o! disco,! aumentando! desta! forma!a! população! celular! deste! tecido.!Este! efeito!
parece,!no!entanto,!ser!debilitado!pela! idade!do!dador!e!a!capacidade!de!as!suas!células!
responderem!a!um!gradiente!quimiotático.!!
! Numa! fase! final,! o! nosso! objetivo! foi! perceber! como! é! que,! aumentando! o!








Globalmente,! o! trabalho! realizado! no! âmbito! desta! tese! contribuiu! para! novas!
perspetivas!sobre!a!migração!celular!para!o!IVD,!para!o!uso!da!CEP!como!uma!via!alternativa!
para!a!migração!de!células!para!o!disco,!assim!como!para!o!desenvolvimento!de!um!sistema!
de! libertação! quimiotático! que! pode! potenciar! significativamente! a! migração! de! células!
estaminais!para!o!IVD!e!acelerar!a!sua!regeneração.!
Juntamente! com!os! recentes! trabalhos! que! descrevem!a! capacidade! de! os! discos!








































































































in!a!perfect!manner.!Due!to! its!avascular!nature,! the! IVD!undergoes!an!early!degenerative!








however,!disc!degeneration! is!accounted! for!40%!of! the!cases! (Cheung!et!al.!2009)!which!
represents!a!large!percentage!and!therefore!consolidates!the!relevance!of!studying!its!nature!
and!the!underlying!causes!of!IVD!degeneration.!
Like!other!cartilaginous! tissues,! the! IVD!has!been!considered! to!have!none!or!very!
poor! selfdrepair! capacity,! demanding! a! need! for! development! of! novel! strategies! for! its!
regeneration.!The!treatment!and!regeneration!of!degenerated!IVD!still!represents!a!significant!
challenge! in! medical! science,! due! to! its! nature! and! all! the! biomechanics! involved! in! its!









































retain! water! and! provide! the! stiffness,! the! resistance! to! compression! and! viscoelastic!
properties!(Walker!and!Anderson!2004).!The!avascular!nature!of!the!IVD!organ!obliges!that!












proteoglycans! (~50%!of! the!dry!weight)! and!collagen! type! II! (col! type! II)! (~20%!of! the!dry!
weight)!(Buckwalter!1995).!!
The! proteoglycans! hold! a! key! role! in! the! IVD! biological! function,! by! providing! the!
capacity!to!retain!water!generating!hydrostatic!pressure!within!the!NP,!and!contribute!for!the!
hydrodynamic! and! viscoelastic! properties! of! the! disc.! Their! composition! differs! from!










most! abundant! col! type! in! the! NP! region.! Contrasting! to! what! is! observed! in! AC,! where!
collagen!fibbers!are!highly!organized!to!support!tension!due!to!osmotic!swelling!(Ateshian!et!

















diameter!and! lack! intracellular!vacuoles.!The!cell!density! in! the!NP! tissue! is!approximately!
4x106!cells/cm3!(Pattappa!et!al.!2012).!!











These! studies! provided! a! comprehensive! list! of! NP!markers! in! different! species,! but! also!
emphasized! the! interspecies! variations,! which! may! have! a! crucial! role! in! tissue/cell!
organisation,! biomechanics! and! IVD! microenvironment,! highlighting! the! need! for! the!
identification!of!the!human!NP!genetic!signature,!only!a!few!markers!were!common!between!




NP! cell! phenotype.! Together! and! based! on! the! evaluation! of! different! studies,! they! have!















NP!CELL!MARKER! SPECIES! FUNCTION!IN!THE!IVD! REFERENCE!










































































































ANEXIN!A3!(ANXA3)! R! d! (Lee!et!al.!2007)!










The! AF! tissue! derives,! as! the! spinal! column,! the! vertebrae! and! the! cartilaginous!
endplates,! from! the!mesoderm! (Roberts!et! al.! 2006b).!This! tissue,! is!mainly! composed!of:!
water,! about! 60d80%! depending! on! the! age! and! the! regionT! collagen! (50d70%! of! the! dry!


























The! AF! has,! comparatively! to! the! NP,!more! than! two! times! higher! cellular! density!
(around!9!×!106!cells/cm3).!Within!AF,!a!higher!cell!density! is! found! in! the!outer!part!when!




the! inner! AF,! cells! are! round! and! resemble! chondrocytes.! These! cells,! derive! from! the!
mesenchyme! and! depending! on! their! location! they! present! their! own! morphology! and!







varying!only! on! their! expression! levels.! In! some!particular! cases,! the! expression!profile! of!




AF!CELL!MARKER! SPECIES! FUNCTION!IN!THE!IVD! REFERENCE!
PRIMARY!MARKERS! ! ! !






















































The!CEP!is!an!osseous/cartilaginous!tissue! linking! the! IVD!to! its!adjacent!vertebras!
(Figure!1).!At! the! time!of!birth,! the!human!CEPs!account! to!approximately!50%!of! the! IVD!
space,!when!compared!to!adulthood,!which!is!around!5%,!and!has!large!vascular!channels!





(70d80%!depending!on! the!age)! followed!by! col! type! II! and!proteoglycans! (Pattappa!et! al.!
2012).!
The!CEP!main!functions!are!structural!and!mechanical,!though!this!tissue!also!works!
as! a! semidpermeable! barrier! by! providing! the! nutrient! supply! to! the! avascular! NP.!
Mechanically,!the!CEP!is!responsible!for!the!distribution!of!the!IVD!compressive!loading!to!the!











et! al.! 1977).! Although! some! studies! relate! IVD! degeneration! with! the! decrease! of! CEP!
permeability!or!CEP!calcification!(Nachemson!et!al.!1970,!Roberts!et!al.!1996,!Benneker!et!al.!














and! their!alterations!with!age!and! in!pathologic!circumstances.!Similarly! to! the!NP!and!AC!
cells,! CEPdderived! cells! have! a! chondrocytedlike!morphology! and! the! ability! of! synthesise!
matrix!components!such!as!col!type!II,!agg!and!hyaluronan.!Liu!et!al.,!reported!in!2001,!for!the!
first! time,! the! existence! of! CEPdderived! stem! cells,! which! could! be! isolated,! cultured! and!































supply,! to! date! it! is! still! not! clear,! whether! it! represent! a! cause! or! an! effect! observationT!
calcification! can! lead! to! cell! death!due! to! the! lack!of! nutrition,! or!CEP!calcification! can!be!










Figure!2! |!Pathways!of!nutrient!supply! in!a!normal! intervertebral!disc.!a! |!Cells!of! the!
avascular!disc!NP!and!inner!AF!are!supplied!by!vertebral!blood!vessels.!Capillaries!penetrate!







glucose,! oxygen! and! lactic! acid! across! the! nucleus,! endplate–endplate.! Nutrient!












in! human! degenerated! IVDs,! expressing! several! characteristic! proteins! of! MSCs! (CD105,!
CD166,!CD63,!CD49a,!CD90,!CD73!and!CD133)!and!negative!for!CD34.!These!cells!were!
also!able! to!differentiate! into! the! typical!osteogenic,!chondrogenic!and!adipogenic! lineages!
(Risbud!et!al.!2007,!Blanco!et!al.!2010).!!









both!col! type!II!and!aggT! they!also!presented!differentiation!capacity! towards!mesenchymal!
lineages.!Interestingly,!the!frequency!of!Tie2+!cells!decreased!with!age!and!degeneration!thus!
compromising!the!endogenous!regenerative!capacity!(Sakai!et!al.!2012).!Recently,!Liu!et!al.!
identified! a! subdpopulation! of! cells! derived! from! the! human! AF! expressing! typical! surface!
antigen!markers!of!MSCs,!including!CD29,!CD44,!and!CD166,!and!capable!of!differentiate!into!
chondrogenic! and! adipogenic! lineages,! suggesting! that! cells! in! the! AF! can! be! skeletal!
progenitor!cells!recruited!under!pathologic!conditions,!e.g.,!herniation,!or!progenitor!cells!from!
surrounding! tissue! with! migration! capacity! towards! the! intervertebral! disc! under! these!
circumstances!(Liu!et!al.!2014).!!














human! body! that! undergoes! a! profound! degeneration! early! in! life! (usually! in! the! second!
decade)! (Schmorl!and!Junghanns!1971).!Disc!degeneration! is!an!agedrelated!multifactorial!
process! encompassing! both! genetic! and! environmental! contributions.! Although! several!
environmental! factors! have! been! demonstrated! to! influence! disc! degeneration,! such! as,!
smoking,! diabetes,! infection,! trauma,! heavy! lifting! and! vibration,! the! genetic! component! is!
recognized! to! play! the! predominant! role! in! early! disc! degeneration! and! external! factor!
susceptibility!(Walker!and!Anderson!2004).!!
Disc! degeneration! is! described! as! progressive! process,! entailing! significant!
histomorphological! and! biomechanical! changes! as! a! consequence! of! an! altered! cell!
metabolism! and! an! unbalanced! matrix! synthesis! (Walker! and! Anderson! 2004).! These!
alterations!result! from!a!cascade!of!disrupting!events!which!are!believed!to!be!triggered!by!
impaired!disc!nutrition,!followed!by!an!accumulation!of!waste!products!and!matrix!degradation!

























such!as! ILd17!and!IFNdγ,!are! involved! in!disc! inflammatory!response,!by!recruiting! immune!
cells!to!the!injury!(Risbud!and!Shapiro!2014).!





Figure! 3! |!Disc!degenerative! process:! changes! and! involved!molecules.!Healthy! disc!
versus! degenerative! disc.! Impaired! nutrition! can! trigger! disc! degeneration! process.! This!

























level! (Battie!et!al.!2008)T! this! represented!a!clear!demonstration!of! the!genetic!background!
contribution!in!disc!degeneration.!The!genetic!factors!associated!with!IVD!degeneration!have!
been! studied! in! the! past! years! in! an! attempt! to! shed! some! light! regarding! the! underling!
mechanisms! of! disc! degeneration,! and! to! develop! novel! tools! for! early! diagnosis! and!
prevention.!The!genetic!background!of!each!individual,!has!an!important!role!in!disc!aging!and!
degeneration.!In!general,!most!of!the!characterized!genes!involved!in!the!IVD!pathologies!are!
related! to!matrix! structural!molecules! (Battie! et! al.! 2004).!Alterations! in! genes! related!with!
matrix! components! such! as! collagens! and! proteoglycans! may! exert! their! influence! by!
weakening!the!matrix,!leading!to!the!initiation!of!the!degenerative!process.!Other!contributors!
may! associate! with! alterations! of! tissue! homeostasis! by! an! unbalanced! catabolic/anabolic!
activities!occurring!as!a!consequence!of!genetic!alterations! in!catabolic!genes,!e.g.,!MMPs!
(Roberts!et!al.!2000),!or!genes!related!with!proinflammatory!cytokines,!that!might!accelerate!












robust!associations!were!detected! in! the!VDR!gene! that!were!present!cross! three!different!
populations!(Videman!et!al.!1998,!Kawaguchi!et!al.!2002b,!Cheung!et!al.!2006)T!for!the!other!















































MMP[2! Matrixmetalloproteinase!2! Disc!degeneration! (Dong!et!al.!2007)!











































occasioning! a! dramatic! structural! change! in! the! disc.! The! disc! becomes! less! hydrated!













The! discdassociated! pathologies! definition! varies! and! are! greatly! dependent! on! the!
methodology! used! to! study! the! disc.! In! the! past! years,! these! pathologies! have! been!
extensively! characterized! using! advanced! imaging! techniques! and! diagnostics,! namely,!
magnetic! resonance! imaging! (MRI),! the!most!common!and!nondinvasive! technique! for! IVD!
pathology!diagnose.!Along!the!years,!based!on!the!MRI!image!analysis!and!other!techniques,!
it!was!possible!to!grade!the!severity!of!IVD!degeneration,!identify!the!presence!of!herniation!
and! other! bonedrelated! pathologies! and! categorize! different,! but! related,! types! of! IVD!
degenerative!conditions.!It!is!often!difficult!to!distinguish!IVD!pathologies!from!each!other!and!
the! natural! aging! processT! and! to! define! whether! the! appearance! of! one! predisposes! to!
another.!!
Alterations! to! the! disc! health,! results! in! dramatic! changes! in! the! alignment! and!
mechanical! milieu! of! the! vertebral! bodies,! facet! joints,! spinal! ligaments! and! muscles! that!
eventually!translate!in!pain.!Besides!the!disc!degeneration!itself,!there!are!other!discdrelated!
pathologies!evolving!from!a!compromised!IVD!and!share!a!common!symptom,!pain.!Among!
those,! are! the! discogenic! low! back! pain,! disc! herniation,! spinal! stenosis! and/or!
















•! Starts! with! the! circumferential! fissuring! of! the! outer! AF,! upon!
repetitive!microtrauma!and!limited!nutrition,!Followed!by!delamination!
of!AF!layers!and!formation!of!radial!tears.!















Displacement!of! the! IVD!nuclear!material!beyond! the!normal!contours!of! the!






















of! the! ligamentum! flavum! can! cause! marked! reduction! in! space!
available! for! the!spinal!nerve!roots,! leading! to! its!compression!and!
pain.!
(Lee!et!al.!2015)!
















The! current! treatments! for! IVD! degeneration! and! low! back! pain! range! from! more!
conservative!approaches!to!invasive!surgical!procedures.!As!previously!mentioned!(Table!4),!
conservative! approaches!are! based!on! the! use!of! pain! killers! and!antidinflammatory! drugs!









of!prostheses!can!be!a!very! traumatic!surgery!and! the! longdterm!results!are! limited!due! to!
device! migration! and! limited! lifedspans! as! a! consequence! of! the! prosthesis! wear,! often!
requiring!its!removal!or!posterior!fusions!(Bao!et!al.!1996,!Punt!et!al.!2008).!IVD!autograft!and!
allograft!strategies!have!also!been!described.!Autograft!implant!has!shown!to!be!structurally!














new! strategies! to! treat! the! IVD! have! emerged,! focused! on! biological! solutions,! by! the!
introduction!of!functional!cells!and!supporting!biomaterials.!!
The! several! alterations! in! the! IVD! during! degeneration,! namely! the! loss! of!
















AF!substitute!has!been! the!biggest! challengeT! to! date!no!material! has! fully!met! the! tissue!
specifications!(Iatridis!et!al.!2013).!Promising!scaffolds!for!AF!tissue!engineering!using!different!
materials,! e.g.,! ateocollagen,! alginate/collagen! hybrid! fibers! and! polycaprolactone,! were!
already!demonstrated!to!support!AF!cell!adhesion,!growth!and!ECM!synthesis,!but!failed!to!
address! the!mechanical! functionality!when!evaluated! in$ vivo! (Sato!et! al.! 2003b,!Shao!and!
Hunter!2007,!Nerurkar!et!al.!2008,!Pereira!et!al.!2013).!Recently,!AF!repair!was!targeted!from!
another! perspective.! Pirvu! et! al.,! developed! a! combined! cellular! scaffold! using! PTMC!
(poly(trimethylene!carbonate)!with!MSCs!and!PU!(poly(esterdurethane))! to! locally!repair! the!
AF,!offering!immediate!closure!of!the!AF!rupture!and!therefore!reducing!further!degeneration!
(Pirvu!et!al.!2015).!Although!promising,! the! implantation!of!an!AF!repair!strategy!would!still!
face! several! challenges,! and!would! require! the! integration! with! other! IVD! tissues,! the! NP!
and/or!the!CEP.!On!the!other!hand,!novel!in$situ!closure!techniques!may!offer!clear!solutions!
for!the!restoration!of!AF!mechanical!integrity!(Bron!et!al.!2009a).!
In! the! particular! case! of! the! NP! repair,! the!main! focus! of! most! tissue! engineering!
strategies!is!to!develop!materials!that!closely!resemble!the!highly!hydrated!central!part!of!the!













matrix! composition,! they! lack! the!mechanical! requirements! of! the!NP.!Contrarily,! synthetic!
materials!such!as!polylactic!acid,!polyglycolic!acid!and!calcium!phosphate!can!provide!better!





A! great! part! of! these! studies! has! been! focused! in! the! in$ vitro! assessment! of! the!
candidates,! rather! than! its!applicability! locally! in! the! IVD.!Most!of! the!studies!using!cellular!









































































COLLAGEN!SCAFFOLDS! In$vitro$ d! d! #!SHEAR!STRESS! (Bron!et!al.!2009b)!
























































































Several! genes! and! growth! factors! are! known! to! be! involved! in! the! anabolic! and!
catabolic!processes!regulating!matrix!homeostasis! in! the! IVD.!Therapies!able! to!delivery! in$





















Aiming! to!stimulate! tissue!regeneration,!anabolic!genes!have!also!been! targeted!by!
gene! therapy! in! IVD.! Growth! and! differentiation! factord5! (GDFd5)! (Cui! et! al.! 2008),! bone!
morphogenic!proteins!(BMPs)!(Wang!et!al.!2011),!transforming!growth!factord"!(TGFd")!(Lee!
et!al.!2001),!lim!mineralization!proteind1!(LMPd1)!(Yoon!et!al.!2004)!and!Soxd9!(Zhang!et!al.!





the!beneficial! effects!of! this! therapy!outpace! the! risk.!The!application!of! this! technology! in!
clinical! trials! requires! additional! research! to! determine! precise! gene! dosage! and! the!
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appropriate/accurate! methods! for! delivery,! especially! in! the! disc! due! its! proximity! to! vital!
neurovascular!tissues.!!
The! direct! use! of! anabolic! molecules! –! growth! factors,! rather! than! their! gene!
expression,! also! became! very! popular.! Growth! factors! are! polypeptides! that! bind! cell!
membranes!by!means!of!specific!receptors.!They!are!key!players!in!any!biological!system!but!
also!on!the!IVD!homeostasis,!by!regulating!the!metabolism!within!the!disc!and!the!production!











(Walsh!et!al.!2004).! In!rabbit,!GDFd5!was!able! to!restore!disc!height!and! improve!MRI!and!
histological!scores!(Li!et!al.!2004)!




using!an!ex$vivo!organ!culture!system!(Chen!et!al.!2009b).! In$vivo,! the! injection!of!PRP! in!
different! models! supressed! the! degenerative! process,! increasing! chondrocytedlike! cell!
proliferation! and! upregulating! matrix! expression,! contributing! to! the! preservation! of! water!
content!and!disc!height! (Sawamura!et!al.!2009,!Gullung!et!al.!2011,!Obata!et!al.!2012).! In!





preferably! target! early! stages! of! IVD! degeneration,! stimulating! the! proliferation! and!matrix!
production!of! the! remaining! functional!cells,! thus!contributing! for!delaying/reverting! the! IVD!
degenerative!process.!The!growth!factor!by!itself!will!not!influence!the!biochemical/mechanical!
properties! of! the! tissue! but! the! cellsT! nonetheless! the! reduced! number! of! cells! in! higher!
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viability! and! function,! with! a! substantial! proportion! of! cells! existing! in! a! senescent! state!
(Roberts!et!al.!2006a,!Gruber!et!al.!2007).!A!supplementation!of!the!disc!with!viable!cells!could!




















































EGF! C! IVD! $PROLIFERATION!
(Thompson!et!al.!
1991)!


















factors.! In! this! line! of! research,! celldbased! therapies! have! been! largely! explored! for! IVD!
degeneration!treatment.!But!although!native!disc!cells!would!be!the!most!preferable!source!of!



















years,! in! the! lights! of! any! celldbased! therapy.! These! cells!were! first! described! as! “colonyd

















populations.! These! cells! can! be! easily! accessed! and! isolated! through! minimal! invasive!
techniquesT! can! be! culture! and! expanded! in$ vitroT! and! can! be! used! for! allogeneic!
transplantation! due! to! its! low! immunogenicity! that! allows! these! cells! to! escape! immune!
recognition!(Oh!et!al.!2008).!They!are!known!to!present!immunomodulatory!properties!and!the!
ability!to!migrate!to!sites!of!injury/inflammation!(De!Becker!and!Riet!2016).!When!in!the!tissue,!
MSCs! are! assumed! to! have! a! therapeutic! effect! either! by! cell! replacement,! through! the!
differentiation!into!the!resident!cells,!or!cell!“empowerment”,!by!reactivation!of!resident!cells,!
through!the!secretion!of!paracrine!factors!(Wang!et!al.!2014b)!(Figure!4).!!
MSCs!have!the!ability! to!commit! to!different! lineages!following!a!particular!stimulus,!
i.e.,! in! the! presence! of! different! bioactive! factors,! in$ vitro! and! in$ vivo.! Chondrogenic!
differentiation!occurs!in!the!presence!of!TGFdβ!and!dexamethasoneT!the!differentiation!into!the!
osteogenic! lineage,! on! the! other! hand,! is! stimulated! by! dexamethasone,! 13dglycerol!






into! functional! cells! to! replace! cells! of! the! damaged! tissue.! However,! in! response! to!
inflammatory! cytokines,! MSCs! also! help! to! prepare! the! microenvironment! by! producing!
immunoregulatory!factors!that!modulate!the!progression!of!inflammation.!MSCs!also!produce!
large! amounts! of! growth! factors!which! subsequently! stimulate! endothelial! cells,! fibroblasts!
and,!most!importantly,!tissue!progenitor!cells!in$situ.!The!concerted!action!of!these!factors!and!









Han! et! al.! 2012,! von! Bahr! et! al.! 2012).! Recent! studies! using! “MSCs! secretome”! have!
contributed! further! to! the! theory! that! MSCs! exert! their! function! through! the! release! of!
immunosuppressive!factors,!cytokines,!growth!and!differentiation!factors!(Katagiri!et!al.!2016,!




on! their! capacity! to! modulate! tissue! inflammation! and! homeostasis.! The! next! section! will!







contact!with! both! human!NP!cells! from!degenerated!and! nonddegenerated!discs,!was! first!
addressed!in!the!work!of!Strassburg!et!al.!(Strassburg!et!al.!2010).!In!both!cases,!degenerated!
or! nonddegenerated! cells,! hMSCs! were! able! to! differentiate! to! an! NPdlike! phenotype! by!
showing!a!significant!upregulation!of!SOX9,!Col!type!VI,!agg!and!versican!gene!expression!






described! using! human! adiposedderived! (AD)! stem! cells! in! direct! codculture! with! NP! cells!











towards! a! chondrogenic! lineage!without! cell! fusion! (Vadala! et! al.! 2008).!MSCs! have! also!
shown!differentiation!capacity!to!a!NPdlike!phenotype,!when!cultured!in!a!NPdderived!matrix,!
updregulating!NP!genes!as!col! type!II!and!glypican!3!(Yuan!et!al.!2013).! In!addition,!MSCs!
differentiation! into! NP! cells! was! shown! to! be! also! triggered! by! growth! factors! or! hypoxia.!
Risbud!et!al.!demonstrated!that!rat!MSCs!cultured!in!a!media!containing!TGFdß1!under!hypoxia!






















of! the!NP,! by! injection! of! enzymes! such! as! papain,! trypsin! and! chondroitinase,! has! been!
attempted!and!succeeded!in!degrading!matrix!components!creating!a!cavity,!inducing!the!loss!
of!disc!integrity!(Melrose!et!al.!1996,!Roberts!et!al.!2008).!The!injection!of!cytokines!has!been!
also! used! to! stimulate! IVD! explants! to! a! degenerative! environment,! by! creating! an!
inflammatory!setting!with!significant!upregulation!of!proinflammatory!markers!(ILd6,!ILd8,!PGE2,!
MMP1,!MMP3)!and!by!downregulation!of!col!type!II!and!agg!through!administration!of!ILd1,!




2016b).! Strategies! relying! on!mechanical! damage,! using! needle! puncture,! were! shown! to!
induce!cell!death!and!alter!the!disc!mechanics,!while!the!partial!removal!of!the!nucleus!or!the!
annulus!can!mimic!the!matrix!loss!and!affect!disc!integrity!(Korecki!et!al.!2008,!Peroglio!et!al.!
2013,! Pirvu! et! al.! 2015,! Li! et! al.! 2016)! Finally,! a! degenerative! state! can! be! achieved! by!






models! offer! the! possibility! to! be! cultured! under! static! conditions,! static! loading! or! even!
dynamic! loading! using! well! established! bioreactors,! able! to! mimic! the! spine! loadings!
(Gantenbein!et!al.!2015).!
Different!models!have!been!used!in!the!study!of!cell!based!therapies!that!differ!on!their!










IVD!material! is!very! limited!and! the!harvesting! times!are!vital! for! the!success!of! the!organ!













IVD!MODEL! SPECIE! MODEL! THERAPY! TIME! OUTPUTS! REFERENCE! !
NP!EXPLANTS!































































































































fully! represent! the! biomechanical! properties! of! the! human! spine,! provided! by! the! upright!
position.! In! the! case! of! in$ vivo!models,! as! well! as! it! happens! to! the! health!ex$ vivo! ones,!
degeneration!has! to!be!stimulated,!with! the!exception!of! the!sand! rat! (Gruber!et!al.!2014),!





are! over! thirty! studies! that! have! focused! in! the!MSCs! regenerative! potential! using! in$ vivo!




components! of! the! IVD!matrix.! It! is! relevant! to! stress! out! that! the! timing! of! the! treatment!
appears!to!be!fundamental!for!the!success!of!a!cell!based!therapy,!as!demonstrated!in!the!
work!of!Ho!et!al.!where! the!severity!of!disc!degeneration! impaired! the!beneficial!effects!of!
transplanted!MSCs!(Ho!et!al.!2008),!as!well!as!the!number!of!MSCs!transplanted!(Serigano!et!


















MODEL! THERAPY! TIME! OUTPUTS! REFERENCE!





























































































































DISC!PUNCTURE! HMSCS$ 8W! $MSCS!SURVIVAL$ (Tao!et!al.!2016)!












































human! patients.! The! first! study,! reporting! the! injection! of! MSCs! in! human! patients! was!
performed!by!Yoshikawa!et!al.,!as!a!case!report!study,!in!2010.!The!regenerative!effects!of!
autologous!MSCs! in!markedly! degenerated! discs,! were! assessed! in! two! patients.! Results!
showed! an! improvement! of! the! symptoms! 2! years! after! surgery,! while! Xdray,! Rontgen!
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kymography! and! CT! showed! decreased! instability! and! T2dweighted! magnetic! resonance!
indicated! high! moisture! contents! (Yoshikawa! et! al.! 2010).! Later,! in! 2011,! Orozco! et! al.!
conducted! a! similar! study! with! nine! patients.! In! his! study,!MSCs! transplantation! by! direct!
injection! of! around! 10±5x106! in! the!NP,!was! shown! to! be! feasible,! safe! and! to! induce! an!
analgesic!effect,!by!an! improvement! in!pain!and! in!disability,!and!a! further! improvement!of!
water!content,!but!no!restoration!of!disc!height.!Overall,!the!analgesic!effects!were!faster!than!
the! regenerative!ones,!which!might!be! related! to! the!MSCs!welldknown! immunomodulatory!
effect.!Although!promising,!this!study!only!presented!observations!within!1!year!after!treatment!
remaining!to!be!evaluated!long!term!effects!of!the!treatment!(Orozco!et!al.!2011).!In!2015,!two!












study,! no! adverse! effects! were! reported! within! the! 3dyearsdfollowdup! and! although! no!





terms!of! safety,! this! study!was!performed! in!a! small! sample!group!and! further! studies!are!
needed!to!address!the!clinical!relevance!of!hypoxic!cultured!BMdMSCs!treatment!(Elabd!et!al.!
2016).! At! the! moment,! there! are! more! than! 10! clinical! trials! registered! in! the! US! NIH!


































































































































 Although! celldbased! therapies! represent! a! promise! in! the! treatment! of! several!
disorders,!they!still!face!some!ethical!concerns!and!risks.!Cell!transplantation!is!still!associated!
with!immune!rejection!in!the!case!of!allogeneic!cell!sources!(frequently!the!most!accessible!
and!adequate),!and! the!use!of!autologous!cells!may! lead! to! further! tissue!morbidity.!Other!
risks!concern!the!cell!characteristics,!such!as!differentiation!status,!tumorigenic!potential!and!



























2008).! MSCs,! residing! in! the! stromal! component,! have! a! key! role! in! the! support! and!
maintenance!of!the!HSCs!stemness,!and!although!they!can!be!found!mostly!in!the!BM,!other!












Figure! 1! |!MSC!Mobilization! to! sites! of! damage.! Mechanisms! of! MSC! transendothelial!
migration! towards! injured! tissue.! MSCs! can! cross! through! a! mechanism! encompassing!
several!phases!of!(1)!rolling!(involvement!of!pdselectin)T!(2)!activation!of!chemokine!receptorsT!
(3)!adhesion!through!adhesion!molecules!and!their!ligands!((VLA)d4T!endothelial!cells!express!
the! corresponding! ligand,! vascular! cell! adhesion! molecule! (VCAM)d1).! Moreover,! MSCs!
express!the!extracellular!matrixddegrading!enzymes,!matrix!metalloproteinased(MMPd)!2!and!
membrane!type!(MT)1dMMP!that!play!a!role! in!their!extravasation!and!afterwards!migration!
towards! the! lesion! following! the! chemokine! gradient.! (Image! created! for! this! thesis.! Bone!
section! credits:! Wikimedia! Creative! Commons,! Pbroks13T! MSCs! adapted! from!






and! chemokines,! and! involves! the! participation! of! several! adhesion! molecules! such! as!
selectins,!chemokine!receptors!and! integrins! (Butcher!1991,!Springer!1994).!Generally! it! is!
assumed!that!MSCs!mobilization!into!the!peripheral!blood!follows!the!same!steps!that!were!
described! for! leukocytes! and! HSCs! recruitment! to! inflammation! sites! (Fox! et! al.! 2007b),!
although!differences!between!the!recruitment!of!MSCs!and!leucocytes!have!been!described.!
These!differences!concern!Ld!and!Edselectin!(Muller!et!al.!1993),!which!are!low!or!absent!in!
MSCs! and! the! absence! of! platelet/endothelial! cell! adhesion!molecule! 1! (PECAMd1)/CD31!
(Ruster!et!al.!2006).!MSCs!bind!to!endothelial!cells!in!a!Pdselectinddependent!manner!(rolling)!
(Figure! 1)! and!upon!activation,! cell! adhesion! is!mediated!by! the! verydlate! antigend4! (VLAd
4)/VCAMd1!axis,!while! the!extravasation! to! the!matrix! is! intermediated!by!matrix!degrading!









referred! to! as! CCT! when! separated! by! an! amino! acid! (X),! they! are! referred! to! CXC.!
Chemokines!can!be!further!categorized!based!on!their!function:!while!some!chemokines!are!
involved! in! the! leucocyte!migration!during!a!pathological!condition,!others!are!constitutively!

















blood! has! been! widely! documented! (Peled! et! al.! 1999).! Moreover,! HSCs! mobilization! is!
intimately!associated!with!SDFd1!! levels! in! the!BM.!Mice!with!CXCR4d/d!chimeric!BM!were!
shown!to!have!high! levels!of!HSCs! in! the!blood!(Christopher!et!al.!2009)!and!the!peaks!of!
SDFd1!!in!the!BM,!which!fluctuate!according!to!the!circadian!variation,!correlate!with!higher!












2006,! Shepherd! et! al.! 2006).! The! mobilization! of! these! cells! may! also! occur! via! the!
VEGF/VEGFR2! axis,! by! triggering! cell! migration! (Pitchford! et! al.! 2009)! or! even! through!
CXCR2,!as!demonstrated!in!the!work!of!Jones!et!al.!where!this!receptor!was!demonstrated!to!
be!critical!for!EPC!recruitment!and!angiogenic!response!(Jones!et!al.!2009).!
Mechanisms! of! MSC! mobilization! and! the! chemokines/receptors! involved! in! the!
process!have!widely!been!studied,!due!to!the!interest!in!these!cells!for!tissue!regeneration!and!
















fracture!model!of!mice!with!SDFd1!! improved!cell!migration! towards! the! lesion,!which!was!
inhibited! in! the!presence!of!a!CXCR4!antagonist! (Kitaori!et!al.!2009).!Other!studies! further!
reported!an! increase! in!SDFd1!! expression! following! facture!both! in! rats!and! in!plasma!of!
human!patients!2d4!days!after!the!lesion!(Kidd!et!al.!2010,!Lee!et!al.!2010b),!adding!further!
evidence! that! the!SDFd1!/CXCR4!pathway!may!have!an! important! role! in! fracture!healing!
(Yellowley!2013).!Indirectly,!MSC!migration!might!also!be!triggered!by!hypoxia!and!expression!
of! the!hypoxiadinduced! factord1! (HIFd1!)! in!damage!sites,!which!by! their! turn!may!drive!an!
upregulation!of!SDFd1!!in!the!tissue!(Ceradini!et!al.!2004)!(Figure!1).!!
In!spite!of!being,!by!far,!the!most!well!studied!receptor!of!SDFd1!,!the!expression!of!
CXCR4! in!progenitor!cells! from!BM! is!still!controversial.!Several!studies!demonstrated! that!
CXCR4! expression! is! predominantly! intracellular,! while! others! defend! the! opposite!
(Honczarenko! et! al.! 2006,!Pelekanos! et! al.! 2014).!Pelekanos! et! al.! compared! the!CXCR4!
expression!of!both!foetal!bone!marrow!derived!MSCs!and!adult!cells.!A!very!low!expression!
(3.8å±å0.3%)! of! the! receptor! was! detected! by! immune! staining! at! the! cell! surface! of! foetal!
MSCs,!however,!when!permeabilized,!50!to!90%!of!the!cells!stained!positive!for!intracellular!
localization! of! CXCR4T! this! pattern! was! also! found! in! adult! MSCs,! suggesting! that! this!
phenomenon!is!independent!of!cell!maturity!(Pelekanos!et!al.!2014).!On!the!other!hand,!the!
work! of!Honczarenko!and! colleagues! reported!a! surface!expression!of! around!43%!of! the!
CXCR4!receptor!in!adult!MSCs!at!early!passages!(passage!2),!as!assessed!by!flow!cytometry!
and! further! confirmed! by! RTdPCR! (Reverse! transcription! polymerase! chain! reaction).!
However,! at! later! passages! (12d16! passages)! there! was! a! decrease! in! the! cell! surface!







key! role! in! the!migration!process!and! in! the! interaction!with!endothelial! cells! (Ruster!et!al.!
2006,!Ip!et!al.!2007).!
Although!most! of! the! current! literature! concerns! the! importance! of! SDFd1!! and! its!
receptor!CXCR4,!MSCs!have!been!shown!to!express!a!wide!number!of!chemokine!receptors!
on! the! cell! surface,! which! also! play! a! role! in! the! migration! and! guidance! of! the! cells!





expression! levels! in! culture,! since! they!may! vary!with! cell! isolation,! culture! conditions! and!
passages!(Honczarenko!et!al.!2006).!!Moreover,!MSCs!expansion!might!lead!to!changes!in!
MSCs!phenotype!and!to!different!chemokine!receptors!repertoire!(Bara!et!al.!2014).!












Similar! to! what! has! been! described! in! the! mobilization! process! of! stem! cells,!





SDFd1!/CXCR4! interactions! remain!essential! for!BM! retention!and!normal! development!of!
several! immune!cells,!such!as!B!cells,!monocytes,!macrophages,!neutrophils,!natural!killer!
cells!and!plasmocytoid!dendritic!cells!(Mercier!et!al.!2011).!Monocyte!exit!from!the!BM!seems!
to! be! dependent! on!CXCR4! and!CCR2! in! homeostatic! conditions.!Monocytes!may! further!
differentiate!into!proinflammatory!(CCR2+)!or!antidinflammatory!(CX3CR1+)!subsets.!CX3CR1!
expressing!monocytes!are!thought!to!migrate!to!the!periphery!under!CX3CL1!gradients!and!
might! develop! into! tissue!macrophages! following! additional! chemokine! signals! (Sokol! and!
Luster!2015).!Eosinophils!released!from!the!bone!marrow!to!the!peripheral!tissues!are!largely!














or!by!overexpression!of!chemokine!receptors! in! transplanted!cells,! to!better! respond!to! the!
recruitment!stimuli!of!the!lesion.!Both!strategies!will!be!further!discussed!in!the!next!sections.!
Increasing!the!local!concentration!of!chemokines!in!a!certain!tissue!can!be!challenging!
due! to! the!chemokines!short!halfdlife!and! rapid!diffusion! that! can! impair! the! formation!of!a!
gradient!capable!of!promoting!cell!chemotaxis.!Following!these!limitations,!the!development!
of! delivery! systems! capable! of! protecting! peptides! from! being! cleaved! by! proteases! and!




















which! uses! JVSd100,! a! nondviral! gene! that! expresses! SDFd1!! for! the! treatment! of!






MATERIAL! CHEMOKINE! MODE! CELLS! OUTCOMES! REFERENCE!




















































SDFd1!! IVD!nucleotomy! hMSCs! $MIGRATION! (Pereira!et!al.!2014)!
































































































signs! of! left! ventricular! remodelling! (Cheng! et! al.! 2008,! Zhang! et! al.! 2008).! Thieme! et! al.!
demonstrated!both!in$vivo!and!in$vitro!that!transient!overexpression!of!CXCR4!in!human!MSCs!





Although! the! results!are!encouraging,!genes!overexpression!engages!several! risks:!
gene! transfer! based! on! viral! vectors! is! still! questionable! for! clinical! applications! (Sadelain!













Zhao!et!al.! combined!CCL20!and!poly(lactidedcodglycolide)! (PLGA)!microspheres! to!
induce!chemotaxis!of!dendritic!cells!(DCs).!DCs!could!be!attracted!towards!the!microspheres,!
suggesting!that!they!could!be!effective!for!enriching!DCs!at!an!immunization!site!in$vivo!(Zhao!

























identified!by!Pattappa!et!al.! together!with!CXCL6,! in! the!conditioned!media!of!degenerated!
IVD!organ!cultures!using!proteomic!analysis!(Pattappa!et!al.!2014).!In!migration!assays,!the!
CCL5d!and!CCL5/CXCL6dimmunoprecipicitation!resulted!in!a!reduced!MSC!migration,!while!
the! CXCL6dimmunoprecipicitation! did! not! affect! MSC! chemotaxis.! In! addition,! mRNA!
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study! by! Grad! S! et! al.! which! investigated! the! levels! of! CCL5! and! CXCL6! in! the! Hongd
Kong!Disc!Degeneration!PopulationdBased!Cohort!of!Southern!Chinese! (Grad!et!al.!2016).!
Levels! of! both! chemokines! were! elevated! in! blood! plasma! samples! of! subjects! with! disc!








migration! after! treatment!with!NP! cells! conditioned!media! (previously! treated!with! ILd1"! or!
TNFdα)T!migration!was!suggested!to!occur!via!CCR1,!the!primary!receptor!of!CCL3,!since!its!
inhibition! resulted! in! cell! migration! blockage! (Wang! et! al.! 2013).! CCL2! and! CCL3! gene!
expression!were!shown!to!be!significantly!updregulated!in!both!human!AF!and!NP!cells!after!
treatment! with! ILd1"! (Wang! et! al.! 2013,! Liu! et! al.! 2017b).! Additionally,! some! of! those!
chemokines,! such! as! CCL2,! CCL7! and! CXCL18! have! been! correlated! with! histological!

















and! chemokines! that! are! directly! or! indirectly! related! to! the! recruitment! of! immune! cells,!
thereby!intensifying!the!inflammatory!response!and!the!release!of!neurotrophines,!promoting!





MOLECULE! SPECIE! MODEL! ROLE! REFERENCE!








IL[6! H! Human!Discs! CHEMOTACTIC!TO!TdCELLS! (Kepler!et!al.!2013)!



























H! Human!Discs! d! (Kepler!et!al.!2013)!








CCL20! H! Pathological!discs! CHEMOTACTIC!TO!TH17!CELLS! (Zhang!et!al.!2013b)!








H! Blood!plasma!samples! d!! (Grad!et!al.!2016)!




























with! the! proliferation! marker! Ki67.! The! presence! of! these! cells! was! confirmed! in! several!





inflammatory! marker! (IL1R+)! and! adhesion! markers! (DDR2+,! β1dINTEGRIN! +)! in! the!
previously!proposed!migration! route!around! the! IVD!region! (Henriksson!et!al.!2015).!Other!
molecules,!such!as!MMPd9,!MMPd12,!DDR2!and!β1dINTEGRIN,!suggest!that!ECM!turnover!















Overall,! the! presence! of! progenitor! cells! in! different! locations! of! the! healthy! and!
degenerated! IVD! opens! new! perspectives! regarding! the! possibility! for! the!

















not! the!case!when!SDFd1!was!directly!administrated! to! the! IVD! tissue,!suggesting! that! the!
delivery!system!had!a!key!role!in!protecting!the!chemokine!against!degradation!and!therefore!
guaranteeing!its!biological!function.!Moreover,!the!number!of!cells!migrating!towards!the!IVD!
was! affected! by! the! MSC! donor’s! age:! cells! provided! by! older! donors! migrated! in! fewer!
numbers!when!compared!to!cells!from!younger!donors!(Pereira!et!al.!2014).!!







of! mouse! caudal! puncturedinduced! degeneration! (Tam! et! al.! 2014)! and! described! the!
advantages!of!one!method!over!the!other,!to!stimulate!IVD!repair.!Stem!cells!were!injected!







the!disc,! this! indicate! that! in$ vivo! the! lesion! itself!might! trigger! cell! recruitment! (Tam!et!al.!
2014).!!
In! 2015,! Sakai! et! al.! published! a! pilot! study! which! aimed! to! assess! in$ vivo! the!
mobilization! of!MSCs! to! the! disc! (Sakai! et! al.! 2015).! In! this! study,! a! BMdchimeric!mouse!
expressing!enhanced!green!fluorescent!protein!(GFP)!was!used!and!disc!degeneration!was!
induced! by! taildlooping,! thus! establishing! a! new! model! of! IVD! degeneration.! The! results!








Although! few! studies! have! addressed! strategies! to! enhance! IVD! repair,! so! far,! the!
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histomorphological! alterations,! such! as! loss! of! extracellular! matrix! (ECM)! integrity,! by!
abnormal!synthesis!of!ECM!main!components,!resultant!from!altered!anabolic/catabolic!cell!





the! nucleus! pulposus.! Concomitantly,! hMSCs! stimulated! the! production! of! growth! factors,!
promoters! of! ECM! synthesis,! such! as! fibroblast! growth! factor! 6! (FGFd6)! and! 7! (FGFd7),!
plateletdderived!growth!factor!receptor!(PDGFdR),!granulocytedmacrophage!colonydstimulating!
factor! (GMdCSF)! and! insulindlike! growth! factor! 1! receptor! (IGFd1sR).! Overall,! our! results!

























































features,! such! as! the! capacity! to! support! the! whole! body! weight! and! a! wide! range! of!
movements/loadings! on! the! spine.! The! IVD! is! an! avascular! organ! composed! of! a! geldlike!
central!part,!the!nucleus!pulposus!(NP),!surrounded!by!a!lamellar!fibrous!structure,!the!annulus!
fibrosus! (AF),! and! the! cartilaginous! endplates! (CEP),!which! link! each! disc! to! the! adjacent!
vertebral!bodies1.!With!ageing,! IVD!undergoes!a!degeneration!process,! in!which!mismatch!
between!anabolic! and! catabolic! processes!orchestrate! an!alteration! of!matrix! composition,!
which!differs!from!extracellular!matrix!(ECM)!of!healthy!IVD2.!During!IVD!degeneration!several!
histomorphological!changes!occurs,!including!NP!fibrosis,!loss!of!lamellar!organization!of!the!
AF,!and! increased!cell!death!and!senescence.! In!addition,! the!ability!of! the! IVD! to!support!
mechanical! forces! and! to! provide! flexibility! and!mechanical! stability! to! the! spine! becomes!
compromised! due! to! a! loss! ECM! integrity,! caused! by! abnormal! synthesis! of! its! main!
components–collagen,! proteoglycans–and! a! great! loss! of! water! content.! Altogether,! these!
alterations!culminate!in!the!loss!of!IVD!biological!function3.!
Current! treatments! for! IVD! degeneration! focus! on! painful! degenerative! discs! and!
involve!conservative!approaches!or! in!more!severe!situations,!surgical!procedures!such!as!
spine! fusion!or! IVD!replacement.!However,! these!strategies!can!affect!spine!biomechanics!
and! are! not! able! to! restore! the! IVD! biological! functionT! besides! triggering! degeneration! of!
adjacent!discs4.!Alternative!strategies!based!on!biomechanicallydcompetent!hydrogels5! that!
share!similar!composition!to!disc!ECM!have!been!attempted,!but!failed!mostly!due!to!material!
extrusion! from! AF! after! implantation6.! From! another! perspective,! celldbased! therapies! for!
degenerated! IVD! have! quickly! grown! over! the! past! years,! namely! using! Mesenchymal!
Stem/Stromal!Cells!(MSCs)7.!MSCs!were!shown!to!differentiate!into!NPdlike!cells8,9.!In$vitro,!
MSC!codcultured!with!NP!cells!associate!with!both!updregulation!of!SOXd9!and!ECM!proteins,!
in!particular!aggrecan!(Agg)!and!collagen! type! II! (Col! type! II),!dependent!on!direct!celldcell!
contact8,10,11.! In$vivo,!MSCs!were!already!transplanted!to!IVD!in!different!animal!models,!as!
extensively!reviewed!by!Sakai!and!Andersson12.!The!promising!results!obtained!from!those!
studies,! such! as! the! higher! expression! of! Col! type! II! and! disc! height! recovery12,! have!
encouraged!clinical!trials!based!on!MSC!transplantation!as!treatment!for!degenerated!IVD!and!
low!back!pain13,14.!The!published!clinical!trials!have!shown!significant!pain!reduction,!a!partly!













accessing! the! NP! to! treat! IVD! degeneration.! Cells! with! stem! celldlike! characteristics! were!
described! in! the! CEP! of! degenerated! human! IVDs21.! CEP! stem! cells! were! shown! to!
differentiate!into!osteogenic!and!chondrogenic!lineages,!in!a!rabbit!IVD!degeneration!model,!
suggesting! their! applicability! in! NP! tissue! engineering22,23.! Moreover,! Henriksson,! et$
al.24,25!described! for! the! first! time! the! presence!of! slow! cycling! cells! and! a! stem! cell! niche!
around!adult!IVD!region!and!suggested!that!these!cells!can!migrate!towards!the!AF!and!inner!
parts! of! the! IVD.! On! the! other! hand,! IlliendJünger! and! colleagues26! demonstrated! that! ex$
vivo!cultures!of!IVDs!in!degenerative!conditions!secrete!chemokines!that!specifically!recruit!
MSCs! and! not! fibroblasts.! Furthermore,! our! own! group! showed! that! incorporation! of! the!

































CD90! positive,! while! CD45,! CD34,! CD14,! CD19! and! HLAdDR! negative),! and! capacity! to!
differentiate!into!osteoblasts,!chondroblasts!or!adipocytes70!(data!not!shown).!hMSCs!were!
expanded!in!lowdglucose!Dulbecco’s!modified!Eagle!medium!(DMEM,!Gibco)!containing!10%!




Bovine! IVDs!were! isolated! from!young!adult!animals’! tails! (5–10!months!old)!within!





parallel! cuts.! The! CEPs! were! afterward! jetdlavaged! with! sterile! phosphatedbuffered! saline!
solution!(PBS,!pH!7.4),!using!a!Pulsavac!wound!debridement!irrigation!system!(Zimmer,!Inc.,!
Switzerland).! Discs! were! washed! sequentially! in! 1%/10%/1%! of! P/S! in! PBS! (pH! 7.4)! for!
1/10/1åmin,!respectively.!Afterwards,!discs!were!incubated!overnight!in!6dwell!plates!with!highd






























two! different! donors! (nå=å2)! and! ten! animals! (nå=å10).! An! additional! condition! (nå=å3)! using!
labeled!hMSCs!was!used!for!cell!tracking!after!21!days!in!the!tissue.!hMSCs!were!previously!






















sections! were! incubated! overnight! (4°C)! with! rabbit! antidKi67! primary! antibody! (ab15580,!
Abcam!plc,!330!Science!Park,!Cambridge!CB4!0FL,!United!Kingdom,!1:100).!Alexa!Fluor!488d
labeled! goat! antidrabbit! was! used! as! a! secondary! antibody.! All! sections! were!mounted! in!
Fluorshield!with!DAPI! (Sigma).!Control!sections! for!each! immunolabeling!excluded!primary!
antibody!staining.!Representative! images!were!taken! in!an! inverted!fluorescent!microscope!
(Axiovert!200M,!Zeiss)!with!40x!and!100x!objectives.!The!number!of!proliferative!cells!(Ki67+)!

































previously!described! for!DNA!quantification.!GAG!were!quantified!by! the! reaction!with!1,9d











10åmM! EDTA,! and! enriched! with! a! protease! and! phosphatase! inhibitor! cocktail! (Roche!
Diagnostics!GmbH,!Manheim,!Germany!and!Sigma,!respectively).!Protein!quantification!was!
performed! using! the! 2dD! Quant! Kit! (GE! Healthcare)! according! to! the! manufacturer’s!
instructions.!Protein!samples!(20åμg)!were!afterwards!separated!by!sodium!dodecyl!sulphate!
(SDS)/9%!polyacrylamide!gel! electrophoresis,! and!electroblotted!onto!a!Hybond!enhanced!
chemiluminescence! (ECL)! membrane! (Amersham! BioscienceseGE! Healthcare).! The!
monoclonal!antibody!against!Col!type!II!(1:1000!dilution)!(IIdII6B3)!was!used!with!a!sheep!antid
mouse! (1:3000! dilutionT! Amersham! Biosciences)! horseradish! peroxidasedconjugated!
secondary! antibody,! followed! by! ECL! detection! (Amersham! Biosciences).! Bands! were!
quantified!using!Quantity!One®!4.6.6!Software! (BiodRad,!Amadora,!Portugal).!Values!were!
normalized! to! the! density! of! each! corresponding! complete! lane! (total! protein! loaded)73.!










following! the! manufacturer’s! instructions.! Antigen! retrieval! was! performed! through! the!
incubation!with!a!20åμg/mL!proteinase!K!(SigmadAldrich)!solution!for!15åmin!at!37å°C.!For!Col!
type!I!sections!were!boiled!in!citrate!buffer!(pH!6.0),!as!predtreatment!and!then!incubated!with!
1.5åU/mL! solution! of! hyaluronidase! (SigmadAldrich).! After! neutralization! of! endogenous!
peroxidase!using!Peroxidase!Block! for!5åminutes,!a!blocking!step!was!performed.!Sections!
were! afterwards! incubated! with! the! primary! antibody! Agg! (Hd300)! scd25674! (Santa! Cruz!
Biotechnology,!Inc,!Texas,!USA)!(1:50)!or!Col!type!I!primary!antibody!(1:100)!600d401d103d
0.1! (Rockland! Immunochemicals,! Inc.! Limerick,! PA),! overnight.! Bound! antibodies! were!
revealed!after!a!30åmin!incubation!with!NovolinkTM!Polymer!in!the!dark!and!5åmin!incubation!
with! peroxidasedsubstrate! solution! DAB.! A! negative! control! was! performed! in! each! slide!
without! the! primary! antibody.! Representative! images! of! the! slides! were! taken! using! an!
Olympus!CX31!light!microscope!(20x!objective!for!counting!and!100x!oil!objective!for!detailed!
imaging!of!Agg! IHCT!10x! for!Col! I! IHC).!Agg!and!Col! type! I!matrix!staining! in! the!different!
regions!of!the!IVD!(NP!and!AF)!was!qualitatively!assessed!by!two!independent!observers.!Agg!
cellular! staining! was! quantified! using! a! customdmade! software! written! in! MATLAB! (The!
MathWorks!Inc.,!Natick!MA,!USA)!named!ImmunoCellCount!(see!Supplementary!Data)!(nå=å5).!
Col! type! II! distribution! was! analyzed! by! IF! staining.! For! IF,! antigen! retrieval! was!
performed! in! paraffin! sections! through! incubation! with! a! 20åμg/mL! proteinase! K! (Sigmad
Aldrich)!solution!for!15åmin!at!37å°C.!After!a!blocking!step,!sections!were!then!incubated!for!2åh!
at!37å°C!with!the!primary!antibody!against!Col!II!(1:50)!(monoclonal!antibody!against!Col!type!
II! (IIdII6B3)! developed! by! Dr.! Thomas! F.! Linsenmayer,! from! the! Developmental! Studies!
Hybridoma!Bank!under!the!auspices!of!the!NICHD!and!maintained!at!the!University!of!Iowa,!
Department! of! Biology,! Iowa! City,! IA! 52242).! Alexa! Fluor! 594dlabeled! goat! antidmouse!
(InvitrogendMolecular!Probes,!1:1000)!was!used!as!the!secondary!antibody!for!Col!II!detection!
during!1h,!room!temperature,!in!the!dark.!All!sections!were!mounted!in!Fluorshield!with!DAPI!
(Sigma).! Control! sections! for! each! immunolabeling! excluded! primary! antibody! staining.!
Representative!images!were!taken!using!an!inverted!microscope,!Axiovert!200åM,!Zeiss.!Col!
II!intensity!in!the!different!regions!of!the!IVD!(NP!and!AF)!was!quantified!using!a!customdmade!

















EPON!resin!was!performed! in!a!silicon!mold.!EPON!polymerization! took!place!at!60å°C! for!
48åh.!Sections!with!50ånm!thickness!were!prepared!using!a!diamond!knife!(Diatome,!Hatfield,!
PA,!USA)!and!were!recovered!to!200!mesh!Formvar!Nidgrids.!Staining!of!sections!using!2!wt%!
uranyl! acetate! and! saturated! lead! citrate! solution,! for! 7åmin! each,! was! performed! before!
observation.!Visualization!took!place!at!80åkV!in!a!(JEOL!JEM!1400!microscope!(Japan)).!Both!
AF!and!NP!from!the!different!bovine!donors!were!analyzed!per!group!(cavity!and!Cå+åhMSCs),!












































































Bovine! Serum! (FBS))! was! confirmed! by! Annexin/Propidium! Iodide! staining!







discs! was! similar,! but! a! slight! increase! in! the! Cå+åhMSCs! group! was! observed!
(0.06å±å0.04åμg/mg)!(Figure!2B).!Cell!proliferation!was!additionally!evaluated!by!Ki67!positive!
expression!using! immunofluorescence! (IF).! In!control! IVDs,!4å±å2%!Ki67+!cells!were! found,!
while!a!slight! increase!in!cell!proliferation!was!observed!in!both!cavity!(10å±å2%!Ki67+!cells)!
and!Cå+åhMSCs!groups!(9å±å4%!Ki67+!cells)!(Figure!2C,D).!Although!a!tend!to!increase!in!cell!
proliferation!was!observed! in!both!nucleotomized!groups,! the!values!were!out!of! statistical!
differences.!The!presence!of!hMSCs!in!the!IVD!tissue!at!day!21!was!confirmed!in!a!mosaic!
image!of!the!whole!IVD!obtained!by!a!high!content!screening!system!(InCell!Analyzer!2000),!
in!which!CMdDil! reddlabeled!hMSCs!could!be! identified! (Figure!2Eda,Edb! (white!arrows)).!A!
control!IVD!with!nondlabeled!hMSCs!was!also!imaged!(Figure!2Eda′b′).!These!results!showed!
that!the!majority!of!hMSCs!remained!on!the!CEP!(red!fluorescence),!and!a!small!proportion!
migrated! throughout! the! tissue! (about! 3%,! estimated! by! quantification! of! a! central! sagittal!
section!of!the!IVD).!!
Since!hMSC!migration!is!mostly!related!with!metalloproteinases!(MMPs)!production,!
MMP2! and! MMP9! present! in! the! organ! culture! media! were! evaluated! by! gelatin!
zymography.!This! technique!allows! for! the!detection!of!both!active!and! inactive! forms!of!
MMPs.!The! results! showed!a! higher! activity! of!MMP2,! both! prod! and!active! form,! in! the!
Cå+åMSCs!group,!while!MMP9!activity!was!absent!(see!Supplementary!Data).!Nevertheless,!










for:!A! |! metabolic! activity,! no! differences! were! observed! between! the! groupsT!B! |!DNA!
content,!a!slight!increase!in!DNA!was!observed!in!the!Cå+åhMSCs!groupT!C!|!cell!proliferation!
quantification:! higher! cell! proliferation!was!observed! in! both! lesioned!groups! (cavity! and!
Cå+åhMSCs).! All! depicted! results! are! presented! as! M/D! (nå=å3d7)! without! significant!
differences!(ManndWhitney!test).!D!|!representative!image!of!proliferative!Ki67+!cells!in!the!
IVD! tissue! is! presented! (scale! bar:! 10åμm).! (E)! representative! image! of! CMdDildlabeled!
hMSCs!and!the!control!with!nondlabeled!hMSCs!after!21!days!in!IVD!organ!culture!(scale!













(SOdFG)! staining.! Representative! sagittal! sections! of! decalcified! discs! are! depicted!
in!Figure!3.!H&E!staining!allowed!the!observation!of!different!and!interrelated!areas!of!the!
IVD,! the! CEP! on! the! top! and! bottom! of! the! IVD,! the! IVD! central! part! (NP)! and! the!
surrounding! fibrous,!AF! (Figure!3A).!A!higher!cell!density!was!observed! in! the!AF!when!
compared!with!the!NP!area.!Typical!cells!of!the!AF!(‘fibroblastdlike’)!and!NP!(‘chondrocyted
like’)!could!be!distinguished,!as!highlighted!by!the!black!arrows.!At!day!21,!it!was!difficult!to!
observe! the! lesion! area! as! a! result! of! tissue! swelling! (Figure! 3A,B).!Nonetheless,!when!
comparing! tissue! morphology! in! different! conditions,! a! more! organized! structure! was!
observed!in!control!discs,!while!in!the!lesioned!groups!(cavity!and!Cå+åhMSCs),!namely!in!
the! NP,! ECM! fibers! appeared! to! be! more! wrinkled,! ruptured! and! disorganized.! SOdFG!








areas)! increased! with! hMSC! treatment.! Moreover,! we! excluded! the! presence! of!











Figure! 3! |! Histological! analysis! of! the! IVD! tissue! after! 21! days! of! culture.! Sagittal!
sections!of!the!control,!cavity!and!Cå+åhMSCs!were!stained!with!A!|!H&E!and!B!|!SOdFG.!
One! representative! donor!was! depicted.! In! the! IVD!whole! section! (scale! bar:! 2000åμm),!
CEP,!NP!and!AF!regions!of! IVD!can!be!distinguished.!Magnifications!of!NP/AF!cells!are!
presented! (scale!bar:!20åμm)! in! the!H&E!staining!as!well! as!magnifications!of! the!whole!
AF/NP!tissue!in!SOdFG!(scale!bar:!200åμm).!Collagens!are!visualized!by!green/blue!(arrow)!
color!while!GAG!are! observed! in! orange! color.! A! higher! intensity! of! orange! color! in! the!





















































in! the! IVD!tissue!was! investigated! in$situ!using! immunohistochemistry! (IHC)! (Figure!5A).!
Agg!displayed!both!matrix!and!cellular!staining!after!21!days! in!culture! in! the! IVD! tissue!





or!even!cell! codlocalization.!Aggå+åcells!adopted!a!brownish! (*)! color!while!negative!cells!
were!purplish! (#),! allowing!distinction!between! the! two! classes! (Figure!5a′–c′).! The! total!
number!of!cells!and!the!number!of!Agg+!cells!were!determined!(Figure!5E)!using!a!customd
made!software!ImmunoCellCount!(Figure!5F)!(see!Supplementary!Data).!First!the!manual!
and! automatic! quantification! of! total! number! of! cells! were! compared! and! no! significant!
differences!in!the!number!and!percentage!of!Agg+!cells,!in!both!AF!and!NP!was!observed!
(Figure! 5G,H).! Nevertheless,! the! time! required! for! manual! versus! ImmunoCellCountd
assisted!calculation!of!Agg+!cells!was!longer,! taking!about!4.2!times!more!counting!cells!
manually!than!with!the!program!(Figure!5)!(***på<å0.001).!Still,!the!software!presents!some!
limitation! in! the! identification! of! elongated! cells,! which! can! be! easily! overcome!with! the!
manual!addition!tool!or!by!alteration!of!the!cell!size/threshold!parameters.!Moreover,!false!




to! the!AF! (52å±å30%!vs!35å±å18%,! respectively).!A!decrease!of!Agg+!cells!was!observed! in!













Figure!5! |!Aggrecan!expression!and!quantification! in! the! IVD! tissue!at!day!21.!Agg!
expression! in! the! tissue! was! evaluated! by! IHC! and! displayed! both! matrix! and! cellular!
staining.!(A–C)!Overall!Agg!expression!in!the!tissue.!One!representative!donor!is!presented!






Agg! cellular! expression! (Agg+! cells! were! quantified! using! ImmunoCellCount! software).!
Agg+!cells!could!be!distinguished!by!a!characteristic!brown!color,!in!codlocalization!with!the!
hematoxylin!purple!staining.!A!significant! reduction!of!Agg!expression! is!observed! in! the!
cavity! group! in! both! AF! and! NP! areas,! while! a! significant! increase! is! observed! in! the!





































Figure!6! |!Collagen! type! II!expression!and!quantification! in! the! IVD! tissue.!At!day!21!
sagittal!sections!of!control,!cavity!and!Cå+åMSCs)!were!analyzed!for!Col!type!II!expression!
and!distribution!by!IF.!(A)!Col!type!II!expression!in!the!tissue.!One!representative!donor!is!
presented! (scale! bard200åμm).! (B)! Col! type! II! expression! was! quantified! using!
IntensityStatisticsMask!Software! (see! supplementary! data).! A! significant! increase! in!Col!
type! II!expression!was!observed! in! the!presence!of!hMSCs,! in! the!NP!area.!Results!are!























area,!an! increase!of!Col! type! I!expression!was!noticed! in!both!groups!with! lesion!(cavity!
and!Cå+åhMSCs)!when!comparing!to!the!control!(Figure!7a–c).!Furthermore,!no!noticeable!








(scale! bard500åμm)T! (a–c)! Magnified! images! of! the! NP! area! (scale! bard







microscopy! (TEM)! allowing! a! more! profound! visualization! of! matrix/cell! alterations! that!
occur!during!the!degenerative!process.!Both!AF!and!NP!ultrastructure!of!the!IVD!of!each!
group! were! imaged! after! 21! days! in! culture! (Figure! 8A).! A! qualitative! analysis! of! the!
ultrastructure! was! performed,! detailing! the! most! relevant! parameters! for! AF! and! NP:!
lamellar!organization,!matrix!density!and!collagen!fibrils!(Table!1,!nå=å3).!In!the!control!disc,!
namely!in!the!AF!area,!a!high!organization!of!the!collagen!fibers!was!observed,!and!fibrils!
were! orderly! organized! with! a! lamellar! disposition.! The! collagen! fibers! were! mostly!
homogenous.!Also,!a!highly!dense!matrix!was!present!in!both!AF!and!NP!of!the!control!disc.!
In! the!cavity!disc,! the! lamellar!organization!of! the!AF!fibers!were!partially! lost,!becoming!
more!randomly!distributed.!There!was!also!a!significant!loss!of!matrix!in!both!the!AF!and!
NP!area,!and!higher! fiber!heterogeneity! in! the!cavity!group.!On! the!other!hand,! in!discs!
treated!with!hMSCs!(Cå+åhMSCs),!some!lamellar!organization!was!observed,!as!well!as!a!






signals! of! chromatin! clumping! and,! in! some! cases,! cytoplasmatic! deterioration!
(see!Supplementary!Data).!
Collagen! fibers! in! both! AF! and! NP! were! further! studied! based! on! birefringence!
intensity!using!PicrodSirius! red!staining! (PSR).!By! this! technique,! the! thick/mature! fibers!
display! an!orange/reddish! color! under! polarized! light! and! the! intermediate!mature! fibers!
display! a! yellow! color! (these! two! are! often! associated! with! Col! type! I),! while! the!
thin/immature!fibers!display!a!green!color!(generally!associated!with!Col!type!III)28.!Col!type!
II,! typically! of! cartilaginous! tissues,! such! as! the! IVD,! forms! very! small! fibrils! which! are!
embedded! in! ground! substance! and! therefore! result! in! a! weak! birefringence! of! varying!
color28.!A!representative!image!of!PSR!staining!can!be!observed!in!Figure!8B.!The!different!
colors!of!the!collagen!fibers!(red,!yellow!and!green)!were!observed!by!polarized!light!and!




explained!by! the!expression!of!Col! type! I.!By!determining! the! ration!of! greenish/reddish!
















both! cavity! and! Cå+åhMSC! ultrastructure! were! analyzed! by! TEM.! (A)One! representative!
donor! is! presented! (scale! bard2åμm).! Images!were! analyzed!and! scored! for! the! different!
parameters! (Table!1,! (nå=å3)).!A! loss!of! lamellar!organization!as!well!as!ECM!matrix!was!
observed! in! the! cavity! group.! Density! levels! seem! to! be! recovered! in! the! presence! of!
hMSCs.!In!both!conditions,!cavity!and!Cå+åhMSCs,!a!higher!variability!in!the!Coll!fibers!was!
observed,! suggesting! ECM! remodeling.! (B)! Histological! analysis! of! IVD! stained! using!
picrosirius! red! and! visualised! by! polarised! light! microscopy! (representative! image! of! 1!
disc).! (C)! Quantification! of! the! relative! percentage! of! collagen! fibers! (nå=å3).! (D)! Ratio!











IVD!Area! !!!!!!!!!!!!!!!!AF! AF! NP! AF! NP!
Control! +++! +++! +++! Low!Variation! Low!Variation!


























A!screening!of!growth!factors!production!was!performed,! in!an!attempt! to!unveil! the!
mechanisms! underlying! NP! matrix! remodeling! by! hMSCs! seeded! in! CEP.! Organ! culture!
supernatants!of!nucleotomized!IVDs!(cavity)!and!IVDs!with!hMSCs!on!CEP!(Cå+åhMSCs)!at!
21!days!of!culture!were!pooled!(nå=å6)!and!analyzed!by!an!antibody!array!of!42!growth!factors!
(see!Supplementary!Data).!Seven!growth! factors!were! observed! to! be!updregulated! in! the!
medium!of!the!Cå+åhMSCs!group!while!only!one!was!updregulated!in!the!cavity!group!(Figure!
9A,B).!However,! it!was!not!possible! to!distinguish!between!bovine!or!human!proteins.!The!
presence! of! hMSCs! (Cå+åhMSCs)! considerably! increased! the! levels! of:! i)! fibroblast! growth!
factorsdfamily,!FGFd6!and!FGFd7,! insulindlike!growth! factor!binding!protein!6! (IGFBP6)!and!
Stem!cell!factor!(SCF)!(>6)T!ii)!insulindlike!growth!factor!1!receptor!(IGFd1!sR)!(>4)T!iii)!placental!
growth!factor!(PLGF)!and!granulocyte!macrophage!colonydstimulating!factor!(GM!CSF)!(>2).!





Figure! 9! |!Growth! factor! production! in! the! IVD! culture.!Growth! factors! production!was!
evaluated!using!an!array,!in!a!pool!of!6!donors.!(A)!Images!of!the!array!membranes!obtained!
for! each! experimental! group! (cavity! and! Cå+åhMSCs)T! (B)Table! with! the! key! detected!
cytokines.! (C)! Quantification! of! the! key! growth! factors! by! quantifying! the!mean! spot! pixel!
density!from!the!array.!The!densities!of!signals!were!normalized!with!the!background.!Results!
are!presented!as!a!plot!of!individual!values!(two!dots).!7!key!GFs!were!shown!to!be!increased!















stem! cells! efficacy! has! not! been! established! yet! and! IVDdderived! stem! cells! are! poorly!
characterized,! lacking! standardization!of! isolation!methods!and! involve! several! risks! in! the!
harvesting!procedure29.!
The! injection! of! hydrogeldencapsulated! MSCs! in! the! cavity! of! nucleotomized! discs!
revealed!that!MSCs!remain!viable!and!are!able!to!differentiate!towards!a!discdlike!phenotype30.!
Still,! MSC! administration! via! CEP! aims! to! overcome! the! difficulties! often! associated! with!
hydrogel! injection! in! the!NP!(extrusion!and!cell! leakage)! in!cell! transplantation!approaches,!
which!are!commonly!performed!via!the!AF!and!might!lead!to!its!rupture16,17.!MSCs!are!able!to!
migrate! to! injured! tissues! and! act! either! on! cell! “replacement”! (multilineage! differentiation!
capacity)! or! on! cell! “empowerment”! (release! of! immunomodulatory! factors! and/or! growth!
factors)31.!MSC!migration! towards! the! IVD!was!first! reported!by!Junger!et$al.26!using!an!ex$
vivo! model! cultured! under! stimulatedddegenerative! conditions.! Recently,! using! an! ex$
vivo!model! of! nucleotomized! disc,!we! showed! that! hMSCs! seeded! on!CEP! could!migrate!
towards!the!NP,!and!are!additionally!enhanced!by!SDFd1!incorporation!into!a!hydrogel27.!The!
advances! in! surgical! techniques! to! access! the! NP! avoiding! AF! damage,! opened! new!




allows! the! study! of! IVD! degeneration! and! regenerative! strategies! in! a! controlled!manner,!
maintaining!an!intact!AF30,!while!preserving!the!IVD!morphology!with!the!CEP.!This!model!was!
previously!used!and!maintained!in!culture!for!2!days!by!our!group27!and!up!to!7!and!14!days!
in! culture! by! others30,32.! In! this! study,! longdterm! culture! periods! were! fundamental! to!
understand! repair/regenerative! processes! at! the! protein! level.! Nonetheless,! IVD! longdterm!
culture! is! a! challenge! due! to! the! balance! between! nutrient! supply! and! tissue! structure!
maintenance,! i.e.! in! prevention! of! swelling.! The! presence! of! the!CEP! in! IVD! cultures!was!
shown!to!maintain!IVD!structure!and!to!favor!tissue!viability,!metabolism!and!to!impair!swelling!























The! effect! of! hMSCs! seeded! on! CEP! on! the!matrix! of! both! NP! and! AF! was! then!
evaluated!after!21!days!in!culture.!hMSCs!treatment!through!the!CEP!had!a!positive!effect!on!
proteoglycans,! as! suggested! by! the! intense! signal! in! the! SOdFG! staining! in! the! IVDs! of!
Cå+åhMSCs! treated!discs,!and!an! increased!Agg!expression! in! the!NP,!at!both!cellular!and!
matrix!level.!Agg,!the!major!proteoglycan!constituent,!has!a!key!role!in!the!maintenance!of!the!
osmotic! properties! of! the! IVD41.! Agg! cellular! expression! was! quantified! using!
ImmunoCellCount! software,! which! allowed! a! faster! and! more! accurate! analysis! of! cell!
associated!Agg!deposition!in!the!IVD!tissue,!thus!encouraging!the!use!of!this!software!in!future!
analysis!to!count!Agg+!cells!in!IHC!sections.!
Previous! studies! have! reported! an! upregulation! of! both! Agg! and! Col! type! II! gene!
expression!in!the!presence!of!hMSCs,!in!ex$vivo30!and!in$vivo!setups42,!for!example!in!a!porcine!
model43.!Col!type!II!is!known!to!be!present!in!both!AF!and!NP,!being!more!abundant!in!the!NP!



























the! NP! of! control! discs! and! a! slightly! higher! amount! of! green! fibers! was! observed! in! the!
hMSCsdtreated! group,! comparing! to! the! cavity,! indicating! an! increase! in! the! amount! of!
immature! fibers! and! thus! suggesting!de$ novo! ECM! synthesis.! Still! we! cannot! exclude! the!
contribution! of! Col! type! II,! significantly! increased! in! the! NP! of! Cå+åhMSCs! group,! as! this!
collagen!type!might!also!assume!these!polarization!colors.!
Behind! the! beneficial! effect! of! MSCs! on! ECM! of! IVD! could! be! their! capacity! of!
differentiation! into! IVDdlike! cells43.! MSC! differentiation! towards! NPdlike! cells! has! been!
described! and! associated! with! the! production! of! insulindlike! growth! factor! (IGFd1),! basic!
fibroblast! growth! factor! (FGFd2),! platelet! derived! growth! factor! (PDGF)51,! and! growth! and!
differentiation!factord5!(GDF!5)52.!Herein,!we!have!investigated!the!associated!growth!factors!




to! support! MSC! chondrogenesis,! together! with! transforming! growth! factordbetad2! (TGFd
beta2)53! and! FGFd7! was! suggested! to! induce! chondrocyte! proliferation54.! A! decrease! in!




















the! future!more!studies!should!be!conducted! to!dissect!which! IVD!cell!subsets!are!specific!
targets!of!MSCs.!
Although!a!clear!increase!of!Agg!and!Col!type!II!expression/synthesis!in!the!NP!was!
observed! with! our! approach,! we! cannot! exclude! that! ECM! remodeling! could! be! further!
enhanced! by! injection! of! growth! factors! such! as! bone! morphogenic! proteins! (BMPs),!













impaired.! In! those! cases,! other! surgical! approaches! need! to! be! developed! to! unblock! the!
CEPs,! such! as! the! microfracture! approach! currently! applied! to! stimulate! articular!
regeneration69.!To!date,!it!remains!unclear!at!which!degeneration!level!should!MSCsdbased!












results!obtained!suggest! that!stem!cell!migration! to! IVD!can! improve! local!cell!activity!and!
ultimately! tissue! repair! through! the! synthesis! of! matrix! components.! This! reinforces! the!
relevance!of!alternative!strategies!to!MSC!transplantation,!such!as!the!injection!of!molecules,!
which!can!trigger!endogenous!cell!migration!from!local!niches.!Future!studies!will!improve!our!























































9.! Risbud,! M.! V.! et! al.! Differentiation! of! mesenchymal! stem! cells! towards! a! nucleus!
pulposusdlike! phenotype! in! vitro:! implications! for! celldbased! transplantation! therapy.!
Spine!29,!2627–2632!(2004).!
10.!Richardson,! S.! M.! et! al.! Intervertebral! disc! celldmediated! mesenchymal! stem! cell!
differentiation.!Stem!cells!24,!707–716,!doi:!10.1634/stemcells.2005d0205!(2006).!
11.!Yamamoto,!Y.!et! al.!Upregulation!of! the!viability!of! nucleus!pulposus!cells!by!bone!





12.!Sakai,!D.!&!Andersson,!G.!B.!Stem!cell! therapy! for! intervertebral!disc! regeneration:!





14.!Meisel,! H.! J.! et! al.! Clinical! experience! in! celldbased! therapeutics:! disc! chondrocyte!
transplantation!A! treatment! for! degenerated!or! damaged! intervertebral! disc.!Biomol!
Eng!24,!5–21,!doi:!10.1016/j.bioeng.2006.07.002!(2007).!
15.!Pettine,!K.!A.,!Murphy,!M.!B.,!Suzuki,!R.!K.!&!Sand,!T.!T.!Percutaneous!injection!of!




fibrosus.!The!spine! journal:! official! journal!of! the!North!American!Spine!Society!10,!
1098–1105,!doi:!10.1016/j.spinee.2010.09.015!(2010).!
17.!Vadala,!G.!et!al.!Mesenchymal!stem!cells!injection!in!degenerated!intervertebral!disc:!




official! journal! of! the! North! American! Spine! Society! 13,! 352–362,! doi:!
10.1016/j.spinee.2012.12.005!(2013).!
19.!Vadala,! G.! et! al.! The! transpedicular! approach! for! the! study! of! intervertebral! disc!




20.!Vadala,! G.! et! al.! A! Nucleotomy! Model! with! Intact! Annulus! Fibrosus! to! Test!
Intervertebral!Disc!Regeneration!Strategies.!Tissue!engineering.!Part!C,!Methods!21,!
1117–1124,!doi:!10.1089/ten.TEC.2015.0086!(2015).!
21.!Liu,! L.! T.! et! al.! Characteristics! of! stem! cells! derived! from! the! degenerated! human!
intervertebral! disc! cartilage! endplate.! PLoS! One! 6,! e26285,!
doi:10.1371/journal.pone.0026285!(2011).!
22.!Wang,! H.! et! al.! Distinguishing! characteristics! of! stem! cells! derived! from! different!





23.!Henriksson,!H.! et! al.! Identification!of! cell! proliferation! zones,! progenitor! cells! and!a!
potential!stem!cell!niche!in!the!intervertebral!disc!region:!a!study!in!four!species.!Spine!
34,!2278–2287,!doi:!10.1097/BRS.0b013e3181a95ad2!(2009).!
24.!Henriksson,!H.! B.,! Svala,! E.,! Skioldebrand,! E.,! Lindahl,! A.! &! Brisby,! H.! Support! of!
concept! that! migrating! progenitor! cells! from! stem! cell! niches! contribute! to! normal!
regeneration!of!the!adult!mammal!intervertebral!disc:!a!descriptive!study!in!the!New!
Zealand! white! rabbit.! Spine! 37,! 722–732,! doi:! 10.1097/BRS.0b013e318231c2f7!
(2012).!
25.!IlliendJunger,! S.! et! al.! Homing! of!mesenchymal! stem! cells! in! induced! degenerative!
intervertebral! discs! in! a! whole! organ! culture! system.! Spine! 37,! 1865–1873,! doi:!
10.1097/BRS.0b013e3182544a8a!(2012).!






intervertebral! disc! regeneration.! World! J! Stem! Cells! 8,! 185–201,! doi:!
10.4252/wjsc.v8.i5.185!(2016).!
29.!Peroglio,! M.,! Eglin,! D.,! Benneker,! L.! M.,! Alini,! M.! &! Grad,! S.! Thermoreversible!
hyaluronandbased! hydrogel! supports! in! vitro! and! ex! vivo! discdlike! differentiation! of!
human! mesenchymal! stem! cells.! The! spine! journal:! official! journal! of! the! North!
American!Spine!Society!13,!1627–1639,!doi:!10.1016/j.spinee.2013.05.029!(2013).!






intact! human! intervertebral! disc.! Spine! 36,! 1835–1842,! doi:!
10.1097/BRS.0b013e3181f81314!(2011).!

























matrix! metalloproteinase! 9! in! intervertebral! disc! degeneration.! J! Clin! Neurosci! 18,!
1424–1425,!doi:!10.1016/j.jocn.2011.01.036!(2011).!
40.!Sivan,!S.!S.,!Wachtel,!E.!&!Roughley,!P.!Structure,! function,! aging!and! turnover! of!




rabbits.! International! orthopaedics! 39,! 149–159,! doi:10.1007/s00264d014d2481d0!
(2015).!
42.!Henriksson,! H.! B.! et! al.! Transplantation! of! human! mesenchymal! stems! cells! into!


















48.!Vieira,! A.! E.! et! al.! Intramembranous! bone! healing! process! subsequent! to! tooth!
extraction! in! mice:! microdcomputed! tomography,! histomorphometric! and! molecular!
characterization.!PloS!one!10,!e0128021,!doi:10.1371/journal.pone.0128021!(2015).!
49.!Lattouf,!R.!et!al.!Picrosirius!red!staining:!a!useful!tool!to!appraise!collagen!networks!in!





51.!Ehlicke,!F.,! Freimark,!D.,!Heil,!B.,!Dorresteijn,!A.!&!Czermak,!P.! Intervertebral! disc!
regeneration:! influence! of! growth! factors! on! differentiation! of! human!mesenchymal!
stem!cells!(hMSC).!The!International!journal!of!artificial!organs!33,!244–252!(2010).!
52.!Stoyanov,! J.! V.! et! al.! Role! of! hypoxia! and! growth! and! differentiation! factord5! on!
differentiation! of! human! mesenchymal! stem! cells! towards! intervertebral! nucleus!
pulposusdlike!cells.!European!cells!&!materials!21,!533–547!(2011).!
53.!Bosetti,!M.,!Boccafoschi,!F.,!Leigheb,!M.,!Bianchi,!A.!E.!&!Cannas,!M.!Chondrogenic!
induction! of! human! mesenchymal! stem! cells! using! combined! growth! factors! for!
cartilage! tissue! engineering.! J! Tissue! Eng! Regen! Med! 6,! 205d213,! doi:!
10.1002/term.416!(2012).!
54.!Abo,!T.!et!al.!Expression!of!keratinocyte!growth!factor!and!its!receptor!in!rat!tracheal!
cartilage:! possible! involvement! in! wound! healing! of! the! damaged! cartilage.! Acta!
histochemica!et!cytochemica!43,!89–98,!doi:!10.1267/ahc.10006!(2010).!
55.!Masuda,! K.,! Oegema,! T.! R.,! Jr.! &! An,! H.! S.! Growth! factors! and! treatment! of!
intervertebral!disc!degeneration.!Spine!29,!2757–2769!(2004).!
56.!Ataliotis,!P.!Plateletdderived!growth! factor!A!modulates! limb!chondrogenesis!both! in!
vivo!and!in!vitro.!Mechanisms!of!development!94,!13–24!(2000).!








The! Journal! of! biological! chemistry! 275,! 5860–5866,! doi:10.1074/jbc.275.8.5860!
(2000).!
59.!Zhang,!L.,!Smith,!D.!W.,!Gardiner,!B.!S.!&!Grodzinsky,!A.!J.!Modeling!the!InsulindLike!
Growth! Factor! System! in! Articular! Cartilage.! PloS! one! 8,! e66870,! doi:!
10.1371/journal.pone.0066870!(2013).!
60.!Quintero,! M.! et! al.! Granulocytedmacrophage! colony! stimulating! factor! activates!
proteoglycan,! type! II! collagen,! and! cAMP! production! by! rat! articular! chondrocytes!
through!specific!binding!sites.!The!Journal!of!rheumatology!28,!2075–2084!(2001).!
61.!McCoy,!R.!J.!et!al.!Orchestrating!osteogenic!differentiation!of!mesenchymal!stem!cells–






articular! cartilage! and! intervertebral! disc! regeneration.! Methods! 99,! 69–80,! doi:!
10.1016/j.ymeth.2015.09.015!(2016).!
64.!Mwale,! F.,! Wang,! H.! T.,! Roughley,! P.,! Antoniou,! J.! &! Haglund,! L.! Link! N! and!
mesenchymal!stem!cells!can!induce!regeneration!of!the!early!degenerate!intervertebral!












microstructure,! biomechanical! function,! and! adjacente! disc! health! between! doubled!








Arthroscopy! Association! of! North! America! and! the! International! Arthroscopy!
Association!31,!732–744,!doi:10.1016/j.arthro.2014.11.023!(2015).!
70.!Almeida,!C.!R.,!Vasconcelos,!D.!P.,!Goncalves,!R.!M.!&!Barbosa,!M.!A.!Enhanced!
mesenchymal! stromal! cell! recruitment! via! natural! killer! cells! by! incorporation! of!
inflammatory!signals!in!biomaterials.!Journal!of!the!Royal!Society,!Interface!/!the!Royal!
Society!9,!261–271,!doi:!10.1098/rsif.2011.0357!(2012).!
71.!Antunes,! J.! et! al.! Poly(γ! dglutamic! acid)! and! poly(γ! dglutamic! acid)dbased!
nanocomplexes!enhance!type!II!collagen!production!in!intervertebral!disc.!J!Mater!Sci:!
Mater!Med,!doi:!10.1007/s10856d016d5674d9!(2016).!
72.!Chan,! S.! C.! et! al.! Region! specific! response! of! intervertebral! disc! cells! to! complex!
dynamic! loading:! an! organ! culture! study! using! a! dynamic! torsiondcompression!
bioreactor.!PLoS!One!8,!e72489,!doi:10.1371/journal.pone.0072489!(2013).!
73.!Welinder,! C.! &! Ekblad,! L.! Coomassie! Staining! as! Loading!Control! in!Western! Blot!



























Mesenchymal Stem/Stromal Cells seeded on cartilaginous endplates promote 










































!hMSCs! viability! and! survival! in! IVD! culture! media! containing! 2%! of! hMSCs! tested!
serum!
hMSCs! were! cultured! in! the! normal! medium! for! hMSC! expansion! (lowdglucose!
Dulbecco's!modified!Eagle!medium! (DMEM,!Gibco)! and!1%!Pen/Strep)! containing! 10%!of!
MSC! tested!FBS.!As! a! control! for! cell! survival! and! viability,! a! preliminary! experiment!was!
performed! using! the! IVD! medium! (DMEM! 4.5! g/L! glucose,! 1%! Pen/Strep,! 1%! ITS,! 0.1%!
Primocin)!which!contains!only!2%!of!FBS.!hMSCs!were!cultured!during!48h!in!these!two!media!
and!afterwards,!cell!death!and!apoptosis!were!assessed!by!FACS!using!Ethidium!and!Annexin!










Matrix! metalloproteinases! (MMPs),! namely! MMPd2! and! MMPd9! activity! was! assessed! by!
gelatin! zymography! as! previously! described! (Cardoso,! A.P.! et! al.! !Macrophages! stimulate!

































Figure! 3S! |! Alizarin! staining! in! IVD! tissue.! Alizarin! (red*)! staining! in! femural! rat! bone!

















The! ImmunoCellCount! software!was! implemented! in!MATLAB!with! the! objective! of!
developing!an!approach!for!unbiased,!consistent,!automatic!and!faster!counting!of!Agg+!cells!
in! IHC! images! of! IVDs.! This! software! provides! a! simple! and! userdfriendly! graphical! user!
interface! (GUI),! and! works! in! two! stages:! the! first! is! responsible! for! cell! identification!
(segmentation),! and! the! second! is! responsible! for! cell! classification.! Two! parameters! are!
required!for!cell!identification:!an!intensity!threshold!(for!the!segmentation!algorithm)!and!a!cell!
size! (for! object! enhancement! through! a! Laplacian! of! Gaussian! filter).! Cell! classification! is!
performed!by!measuring!distances! in! color! space:! the!user! sets! the! reference!colors! for!a!













the! images! in!both!AF!and!NP!areas!of! the!disc.! Images!were!captured!using!an! inverted!
microscope,!Axiovert!200!M,!Zeiss!with!the!10x!objective.!The!intensity!of!collagen!expression!




The! purpose! behind! the! construction! of! this! script! was! also! to! obtain! a! faster! and!








The! ultrastructure! characterization! of! the! IVD! by! transmission! electron! microscopy!
(TEM)! allows! a!more! profound! visualization! of!matrix/cell! alterations! that! occur! during! the!
degenerative!process.!!At!cellular!level,!both!active!and!healthy!cells!and!necrotic!cells!could!
be!observed!in!all!the!groups,!although!nondrepresentative!numbers!of!cells!were!observed.!
Healthy! cells! had! signs! of! cell! activity! and! matrix! synthesis! (normal! cell! nucleolus,! intact!
cytoplasm!and!organellesT!dense!ECM!matrix!components!encircling!cells)!(Figure!4S!A),!while!
















generated!by!quantifying! the!mean!spot!pixel! density! from! the!array!using! image!software!
analyses!(ImageLab!4.1T!BioRad).!Briefly,!the!pixel!intensities!gathered!from!the!array!spots!
were!obtained!using! the! volume! tools! option! of! the! software.!We!have!defined!an!area!of!
interest!of!the!reference!spots!by!surrounding!it!with!a!circle,!and!then!equal!circles!were!used!
for! all! spots! of! the! array.! The! densities! of! signals! obtained! were! normalized! with! the!
background.!Results!were! afterwards! represented! as! a! color! gradient! of! ranges! of! growth!
factors! levels! released! in! the! IVD! culture! media.! Each! color! representing! a! range! of!





















































































































































Intervertebral! disc! (IVD)! degeneration! is! the! leading! cause! of! low! back! pain! and!
disability! in! the!active!population.!Transplantation!of!mesenchymal! stem!cells! (MSCs)! in! a!
hydrogel!carrier!can!induce!regenerative!effects!in!degenerated!IVDs.!Moreover,!it!was!found!





to!recruit!human!MSCs! in!degenerative! IVDs.!The!results!demonstrate! that!HAP!hydrogels!
containing!stromal!cell!derived!factord1!(SDFd1)!significantly!increased!the!number!of!MSCs!
migrating! into!nucleotomized!discs!compared!with!discs! treated!with!only!HAP!or!SDFd1! in!



















































70%!of! the! population! at! least! once! in! their! lives! and!may! be! caused! by! various! factors1.!
Intervertebral! disc! (IVD)! degeneration! is! now! accepted! as! the! major! pathophysiological!
mechanism! responsible! for! LBP2.! The! IVD! degenerative! process,! contrarily! to! other!
musculoskeletal!tissues,!has!an!early!onset!and!can!already!be!identified!in!adolescence3,4.!
Biologically,! the! hallmark! of! IVD! degeneration! is! an! altered! cell! metabolism! due! to! ded
regulations!in!cellular!phenotype.!These!changes!result!in!an!unbalanced!synthesis!of!matrix!












remodel! and! sustain! the! loads! on! the! spine6.! Other! materials,! such! as! hydrogels,! have!
emerged!as!alternatives!for!NP!substitutes.!Hydrogels!resemble!the!native!extracellular!matrix!
(ECM)!structure!and!mechanical!properties,!may!be! functionalized!with! target!molecules! to!
stimulate!regeneration,!or!can!be!loaded!with!cells8.!
Still,!the!extrusion!of!the!materials!through!the!annulus!fibrosus!(AF)!constitutes!a!major!
problem9.!Other! approaches! include! the! use! of! cellulardbased! therapies.!Within! celldbased!
therapies,!human!mesenchymal!stem!cells! (hMSCs)!hold!great!promise!mainly!because!of!












transplantation! of!MSCs! in! a! hydrogel! carrier! induced! regenerative! effects! in! degenerated!
IVDs17.! Nevertheless,! the! longdterm! survival! of! the! implanted! cells! remains! unknown! and!
doubtful,!particularly!taking!into!account!the!limited!diffusion!of!nutrients!to!the!IVD!niche.!
hMSCs! also! have! the! ability! to! migrate! to! injured! tissues! and! interact! with! the!
surrounding! environment! through! the! secretion! of! a! broad! range! of!molecules! like! growth!
factors,!cytokines!and!chemokines19,20.!Some!of!the!molecules!that!promote!hMSC!recruitment!
are!CXCL12/SDFd1!(stromal!cell!derived!factord1),!RANTES!(regulated!on!activation,!normal!
Tdcell! expressed! and! secreted)! or! MDC! (macrophagedderived! protein)21.! Recently,! it! was!
demonstrated! in! an! ex$ vivo! model! that! hMSCs! can! be! recruited! by! the! degenerative! IVD!




released! using! appropriate! carriers.! For! example,! SDFd1! is! a! welldknown! chemokine,!
constitutively! produced! in! the! bone! marrow! and! strongly! chemotactic! to! lymphocytes,!
monocytes,!endothelial!progenitor!cells25,26!and!hematopoietic!stem!cells.!SDFd1!has!also!been!
shown! to! recruit! hMSCs27.! It! has! been! demonstrated! that! SDFd1! incorporation! in! proper!
delivery!systems!is!able!to!promote!cell!recruitment!to!an!injury!site!and!increase!the!potential!





in! situ.! Therefore,! SDFd1! release! in! the! disc! using! an! appropriate! delivery! system! might!
represent!an!increase!of!IVD!regenerative!potential.!
The! thermoreversible! hyaluronandpoly(Ndisopropylacrylamide)! (HAP)! hydrogel,!






Based! on! these! findings,! we! hypothesized! that! HAP! hydrogel! may! serve! both! to!
enhance!the!number!of!migrated!MSCs!in!the!IVD!and!to!provide!a!suitable!matrix!for!their!


















































(Braun,! Germany)! using! a! Pulsavac! wound! debridement! irrigation! system! (Zimmer,! Inc.,!
Switzerland).! Discs! were! washed! sequentially! in! 1%/10%/1%! of! Penicillin/Streptomycin!
(Pen/Strep)! in! a! phosphatedbuffered! saline! solution! (PBS)! (pH! =! 7.4)! for! 1/10/1! min,!








































For! the!ex$ vivo! IVD! culture,! which!will! be! described! in!more! detail! in! the! following!
section,!two!SDFd1!concentrations!were!prepared!to!achieve!maximum!theoretical!releases!of!
100!and!200!ng/mL!(Table!2),!based!on!previous!studies27.!The!gel!containing!the!different!
formulations!was! injected! in!an!IVD!defect,!and!the!release!of!SDFd1!was!measured! in! the!
culture!medium!at!preddetermined!time!points!(0,!24!and!48!h).!The!release!of!SDFd1!in!both!




























with!different! formulations!of! the!gel!or!remained!empty.! In! the!groups!containing!HAP,! the!
discs!were! incubated!at!37!°C! immediately!before!gel! injection! to!allow! fast!gelation!of! the!
hydrogel.! Then,! the! removed! CEP! was! repositioned,! sealed! with! bone! cement! (PMMA,!
Vertecem!V!Cement!Kit,!Synthes,!Switzerland)!and!incubated!for!30!min,!allowing!the!cement!
to! dry.! Finally,! all! the! discs!were! turned! to! place! the! cavity! at! the! bottom! of! the!well! and!





(PKH! Fluorescent! Cell! Linker! kit,! Sigma–Aldrich,! Germany).! Immediately! after! labeling,!
PKH26dhMSCs!were!seeded!(1!×!106!cells/disc)!on!the!top!of!the!CEP!(i.e.!on!the!side!opposite!



















After! fixation,! discs! were! cut! sagittally! (Figure! 1),! using! a! customdmade! guillotine!
system!with!a!Dermatome!Blade!(Integra!Life!Sciences!Corporation,!USA).!The!two!sagittal!
sections!obtained!were!analyzed!separately!on!a!motorized!Axiovert!200M!microscope!(Zeiss,!
Germany)!at!2.5×!magnification.! In! the! first!channel,! the!488dnm!wave! length!of! the!Argon!
laser!was!used!to!distinguish! the!disc!structure!with!green!autofluorescenceT! in! the!second!
channel,!the!543dnm!wave!length!of!HeNe1!laser!was!used!to!image!the!red!fluorochromes!of!
the!labeled!hMSCs,!as!previously!described37.!Images!were!acquired!using!Mosaic!software!









hMSCs! were! further! detected! in! the! bovine! tissue! by! immunohistochemistry.! For!
human!nuclei!detection,!masked!epitopes!were!exposed!by!treatment!with!10!mm!sodium!
citrate!(pH!6)!for!35!min!at!95–98!°C.!Paraffin!sections!were!incubated!overnight!(4!°C)!
with! mouse! antidhuman! nuclei! primary! antibody! (MAB4383–3E1.3! Millipore,! 1:400)T!
afterward,!Alexa!Fluor!594dlabeled!goat!antidmouse!(InvitrogendMolecular!Probes,!1:1000)!
was!used!as!the!secondary!antibody!(1!h!at!room!temperature).!All!sections!were!mounted!










Figure! 2! |! Schematic! view! of! the! analysis! setup! to! for! cell! migration! assessment.!
Migrated!cells!were!counted!in!the!entire!disc!area,!excluding!the!endplate!(“CEP!with!hMSCs”)!
where! cells! were! initially! seeded.! The! disc! images! were! sectioned! into! 1!mmdheight! subd
sections!(S)!in!order!to!assess!cell!migration!in!more!detail:!the!line!corresponding!to!“0!μm”,!
limits!the!endplate!border.!The!subdsection!S1!corresponds!to!the!area!surrounding!the!CEP!





Statistical! analysis!was! performed! using!Prism! 5.0a! for!Mac!OS.X.! The! parametric!











































hMSC(recruitment( towards(SDFZ1ZHAZbased(delivery(system( in(an(ex(vivo( IVD(organ(
culture(model(
The!feasibility!of!hMSCs!to!be!recruited!towards!a!degenerating!IVD!was!first!reported!















green,! allowed! identifying! the! different! areas! of! the! disc:! annulus! fibrosus! (AF)T! nucleus!
pulposus!(NP)!and!cartilaginous!endplate!(CEP).!PKH26dlabeled!cells!in!red!can!be!observed!
















































Figure! 5! |! Percentage! of! hMSC! migration! in! the! ex( vivo! IVD! cultures.! The! average!
percentage! of! cell! migration! was! obtained! by! normalizing! the! data! for! each! donor! to! its!
maximum!value!of!migration!(100%).!Percentage!of!migrated!hMSCs! is!given! for! the!study!
groups:! Intact,! Cavity,! HAP,! HAP! SDF! 5,! HAP! SDF! 10,! and! SDF! 5.! A)! Comparison! of!
percentage! of! hMSCs! migration! in! whole! disc.! A! significant! enhancement! of! hMSCs!
recruitment!was!only!observed!in!the!presence!of!HAdpNIPAM!hydrogels!with!SDFd1.!Results!
are!presented!as!Mean!±!StDev!(n!=!10),!statistical!significance!was!considered!for!p!value!(*)!
<0.05! (Repeated! measures! ANOVA,! Bonferroni's! multiple! test! *,! p! <! 0.05T! **,! p! <! 0.025T!
***,! p! <! 0.001).B)! Comparison! of! percentage! of! hMSCs! migration! in! nucleus! pulposus!
(NP)!vs!annulus!fibrosus!(AF).!No!significant!differences!were!observed!between!the!different!
study! groups.! Approximately! 60%! of! the! cells! were! present! in! the! NP,! while! 40%! were!

















ELISA! (Figure! 6).! SDFd1! concentration! was! residual! in! the! organ! culture! medium! (0–
0.08!ng/mL)!remaining!in!this!range!of!values!in!Intact!group!(0.03!±!0.07!ng/mL)!during!48!h.!
In! the! Cavity! and! HAP! groups! the! concentration! of! SDFd1! slightly! increased,! reaching!
0.4!±!0.6!ng/mL!in!both!conditions!after!48!h.!This!increase!suggests!that!the!disc!cells!may!
release!SDFd1!in!response!to!injury!(the!cavity).!In!the!SDFd1dcontaining!gels!its!concentration!
in! the! medium! significantly! increased! (**,! p! <! 0.025T! ***,! p! <! 0.001),! reaching! levels! of!
1.04!±!0.6!ng/mL!(HAP!SDF!5)!and!2.06!±!1.6!ng/mL!(HAP!SDF!10)!at!24!h.!In!the!SDF!5!
group,!the!highest!mean!concentration!was!obtained!at!48!h!(0.47!±!0.7!ng/mL).!These!results!
show! that! SDFd1! incorporated! in! the! HAdpNIPAM! can! be! sustainably! released! in!

















as! their! differentiation! capacity38.! Herein,! the! effect! of! donor! age! in! hMSC!migration! was!
addressed.!The!number!of!migrated!hMSCs!from!older!(#h4!and!#h5!–!40!and!64!years!old)!
and! younger! (#h1,! #h2! and! #h3! –! 19–24! years! old)! donors! in! the! IVDs! was! compared!
(Figure!7).!!
After!48!h,! increased!numbers!of!hMSCs! from!younger!donors!were!migrated! into! the! IVD!
compared! to! hMSCs! from! older! donors! (Figure! 7A).! An! increase! in! cell! migration! from!
younger!vs!older!donors!was!observed! in!all! the!groups!tested,!ranging!from!2.4!±!0.9! fold!
(Intact! group)! to! 3.8! ±! 1.4! fold! (HAP! SDF! 5).! This! increase! was! statistically! significant!
(*p! <! 0.05)! for! all! the! groups! tested,! except! for! the! Intact! group! (Figure! 7A).! This! finding!
suggests!that!hMSCs!isolated!from!younger!donors!are!more!prone!to!migrate!when!compared!
















SDF!10,!and!SDF!5.!A)!Comparison!of!younger!and!older!donors:! the! impact!of!age! in!
hMSC!migration!was!evaluated!by!grouping!the!older!(n!=!2!human!donors,!n!=!4!bovine!tails)!
and!younger!(n!=!3!human!donors,!n!=!6!bovine! tails)!hMSC!donors.!hMSC!migration!was!
significantly!higher!for! the!younger!donors! in!all! the!study!groups,!with!the!exception!of! the!













in!Figure!2).!The!results! for!younger! (Figure!8A)!and!older! (Figure!8B)!hMSC!donors!were!
analyzed! separately! and! are! represented! as! the!mean! cell! number! per! subdsection! in! the!
groups:!Intact,!Cavity,!HAP!SDF!5!and!HAP!SDF!10.!The!other!two!groups!(HAP!and!SDF!5)!
were!also!analyzed,!but!no!statistically!significant!differences!were!observed!(data!not!shown).!













Concerning! the! hMSC!migration! profile! from! older! donors,! a! decrease! in! the! total!
















each! tested! group! (older:!n! =! 2! human!donors,$ n! =! 4! bovine! tailsT! younger:!n! =! 3! human!
donors,!n! =!6!bovine! tails)! is! represented! in! the!ydaxis! for! each!subdsection!of! disc!height!
(represented!in!xdaxis).!The!S1!section!in!the!(xdaxis)!corresponds!to!the!area!surrounding!the!
CEP!where!cells!were!seeded.!Subsequent!subdsections!correspond!to!those!indicated!in!the!














have! been! identified! as! chemoattractants! for! hMSCs42.! SDFd1! has! been! reported! as! an!
efficient!chemoattractant! for!hMSCs,! for!example! in!bone! fracture!sites43,44,!or! incorporated!
into!biomaterialdbased!delivery!systems,!such!as!in!Chitosan/Polydγdglutamic!acid!multilayer!
films27.!Here,!the!incorporation!of!SDFd1!into!a!thermoreversible!hydrogel!(HAP)!suitable!for!
application! in! the! IVD! is! described.! The! chemokine! incorporation! was! performed! by!
reconstitution!of!lyophilized!HAP!with!an!SDFd1!solution.!We!were!able!to!successfully!entrap!
and!release!SDFd1!from!the!hydrogel!without!chemical!or!physical!modifications.!In$vitro,!SDFd












cells! in! conditions! that! are! close! to! an! in$ vivo! scenario! (hypoxia,! limited! nutrition,! etc.)45.!
Concerning! the! use! of! bovine! caudal! discs,! discs! from! bovine! origin! are! known! to! have!
anatomic! proportions! and! nutrient! transport! conditions! similar! to! human! lumbar! discs46.!
Different!ex$vivo!models! for!cell!or!hydrogel!delivery! in!bovine!discs!have!been!described,!
including! papain! digestion! of! the! NP47! and! NP! cavity! trough! the! CEP33.! In! our! study,! we!




















is! known! that! in! induced! degenerating! IVDs,! MMP13! and! MMP7! are! updregulated22.!
Furthermore,!in$vitro!studies!of!hMSC!recruited!by!SDFd1!showed!MMPd2!and!membranedtype!







to! cells! from! older! donors.! This! could! partially! be! explained! by! the! loss! of! expression! of!






shows! random!migration! in! the! subdsection(s)! closer! to! the!CEP,! suggesting!migration! by!
gravity! and/or! triggered! by! the! injury! itself.! In! the! middle! and! deeper! subdsections,! cell!








partialdthickness! cartilage! defects! in! rabbits58.! In! the! IVD,! IlliendJünger! et! al.! previously!
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days.! At! each! time! point,! metabolic! activity! (rezasurin! assay),! DNA! content! and! ECM!
production,!namely!collagen!type!II!and!aggrecan,!of!IVDs!in!culture!were!evaluated.!In!culture!


























































pain! and! the! underlying! problem,! that! in! more! than! 40%! of! the! back! pain! cases! is! the!
degenerated!IVD1.!!
IVD!degeneration!causes!are!multifactorial,!although!both!the!aging!process!and!the!
genetic! background! have! been! described! has! the! main! contributors3,4.! It’s! a! progressive!
process,! in! which! the! tissue! undergoes! several! histomorphological! and! biomechanical!
changes!as!a!result!of!several!disrupting!events5,6.!Among!others,!one!of!the!hallmarks!of!the!
degenerative! process! is! the! increased! cell! death! and! senescence7,8,! that! finally! alters! the!








to! be! particularly! appealing,! greatly! due! to! the! known! multiddifferentiation! and! immuned
modulatory!potential14.!MSCs!have!the!capacity,!not!only!to!migrate!to!injury!sites!in!response!
to! the! released! chemokines,! but! also! of! assuming! different! roles! in! the! tissue,! as! cell!
empowerment,! by! the! secretion! of! growth! and! immunomodulatory! factors,! or! as! cell!
replacement,! by! the! differentiation! into! the! native! cells15.!MSCs! have! also! been! shown! to!
differentiate! into! discdlike! cells! and! to! contribute! for! IVD! regeneration,! as! demonstrated! in!
several!previous!studies16d19.!
Recently,! stem!cells! recruitment! to! sites!of! injury!has!been! the! target!of! alternative!
therapeutic!strategies!aiming!to!stimulate!tissue!endogenous!repair.!This!approach!has!been!
applied! in! different! contexts,! such! as! heart20,! bone21,22! and! cartilage! regeneration23,! using!
chemoattractants!molecules,!namely!stromal!cell!derivedd1!(SDFd1).!In!the!IVD!scenario,!cell!











plasma!of!patients!with! lumbar!disc!degeneration30.!These! findings!unlocked!a!new! line!of!




remodelling31.! Furthermore,! our! group! also! shown! that! injection! of! a! chemoattractant!







































reaction! of! thermoreversible! segments! of! pNIPAMdNH2! on! HA! backbone,! as! previously!
described!by!D'Este!et!al.33.!The!polymer!solution!was! filterdsterilized,! lyophilized!and! then!
reconstituted! in! PBS! (pH! 7.4)! at! a! concentration! of! 10%! wt/vol,! containing! 5! ng/µL! of!
chemokine!SDFd1!(Peprotech,!UK)!as!previously!described32.!SDFd1!release!from!the!hydrogel!
was!assessed!in!the!culture!medium!at!different!time!points!(48h,!day!7,!day!14!and!day!21)!




hMSCs! were! obtained! from! human! bone! marrow! tissues! donation! from! patients!
undergoing!total!hip!arthroplasty!or!knee!joint!surgery.!Patients!gave!informed!written!consent!
for!tissue!use!for!research!purposes!and!procedures!were!carried!out!in!accordance!with!the!












































g/L! glucose,! 2%! FBS,! 1%! Pen/Strep,1%! ITS,! 0.1%! Primocin)! was! added! and! discs! were!
cultured!at!37ºC!in!a!5%!CO2!atmosphere!incubator!during!7,!14!and!21!days.!After!each!time!
point,!discs!were!extensively!washed!with!PBS!and!cut!sagittaly!using!a!Dremel!®!MotodSaw!












The!mitochondrial!metabolic!activity!of! IVD!cells!was!evaluated!at! the!different! time!



















buffer! for! protein! extraction! containing! 4!M! guanidine! hydrochloride! (Sigma),! 3! M! sodium!
acetate!(Merck)!and!10!mM!EDTA,!and!enriched!with!a!protease!and!phosphatase!inhibitor!
cocktail! (Roche! Diagnostics!GmbH,!Manheim,!Germany! and! Sigma,! respectively).! Protein!





dodecyl! sulfate! (SDS)/9%! polyacrylamide! gel! electrophoresis,! and! electroblotted! onto! a!





















tissue! paraffin! sections!without! CEPs,! using! the!NovolinkTM!Polymer!Detection! Kit! (Leica!
Biosystems,!Newcastle,!UK)!by!following!the!manufacturer’s!instructions.!Antigen!retrieval!for!
Agg! was! performed! through! the! incubation! with! a! 20åμg/mL! proteinase! K! (SigmadAldrich)!
solution!for!15åmin!at!37å°C.!After!neutralization!of!endogenous!peroxidase!using!Peroxidase!
Block!for!5åminutes,!a!blocking!step!was!performed.!Sections!were!afterwards!incubated!with!














21),! centrifuged! (3000! rpm,! 5! min)! and! kept! at! d20ºC! for! posterior! analysis.! Free! active!










































and! additionally,! 48h! after! treatment,! as! evaluated! in! our! previous! study32! by! ELISA.! The!
results!are!presented!as!the!Median!±!IQR!(Figure!2).!The!statistical!analysis!of!the!results,!
demonstrated! an! interaction! (**p=0.0045)! of! both! variables! time! (****p<0.001)! and! the!
treatments! performed! (*p=0.018),! so! determining! the! statistical! analysis!with! the! twodaway!
ANOVA!with!Tukey!multiple!comparison!test.!At!day!2,!the!average!SDFd1!levels!were!residual!
in!the!cavity!(0.26!±!0.3!ng/mL)!and!C+hMSCs!(0.26!±!0.3!ng/mL)!groups,!where!no!exogenous!





through! time,! the! levels! of! SDFd1! in! the! C+HAPSDF5+hMSCs! group! were! shown! to! be!
significantly!higher!than!all!the!groups!(#)!at!day!7!(*p<0.05),!at!day!14!(**p<0.01)!and!day!21!
(***p<0.005).!Similar! trend! could!be!observed! in! the!C+HAPSDF5!group,!where! the! levels!
found!at!day!2!were!significantly!higher!comparing!to!all!the!groups!at!day!7!(**p<0.01),!day!




































































































































(n! =! 5).! Statistical! analysis! was! performed! using! KruskaldWallis! test! with! Dunn’s! multiple!







To!evaluate! if! the! injection!of!HAdbased!chemoattractant!delivery!system!containing!SDFd1!
(HAPSDF5)!was!triggering!cell!migration!during!the!21!days!of!culture,!hMSCs!were!previously!
labelled! with! CMdDil! a! fluorescent! dye.! Cell! migration! in! the! IVD! tissue! was! assesses! by!
microscopy!in!the!IVDs!central!sagittal!section!from!different!animals,!at!the!time!points!(Day!
7,!14!and!21)!using!a!high!content!screening!system!(InCell!Analyzer!2000).!CMdDildhMSCs!
migrating! from! the!CEP!could!be! identified!and!quantified! in! the!sections! (Figure!5A).!Cell!
migration! was! compared! in! the! groups! containing! hMSCs! (C+hMSCs! and!

















































































































































































Figure!5! |!hMSCs!Migration!in!the!IVD!tissue.!A!|!Representative! images!of! IVD!sagittal!
sections!with!CMdDil! labelled!hMSCs!at! the!different! time!points! (Day!7,!14!and!21)! in! the!
C+hMSCs!and!C+HAPSDF5+hMSCs!groups.!B! |!Quantification!of!hMSCs!migration! in! the!
IVD.!Results!are!present!as!a!plot!of!individual!values!(n=4d5).!C!|!Migration!profile!of!hMSCs!
along!the!IVD!depth.!Results!are!presented!as!XY!plot!(Y=!%!of!cells/sectionT!X=distance!from!





















in! the! C+hMSCs! group! (1.6! ±! 1.4dfold),! small! variation! was! observed! in! the!
C+HAPSDF5+hMSCs!(1.12!±!1.15dfold)!and!C+HAPSDF5!(1.17!±!0.98dfold)!groups!(Figure!|!














This! expression! and! distribution! in! the! tissue! was! quantified! both! the! NP/inner! AF!
(Figure!7!|!B).!At!day!7!there!is!an!increase!of!col!type!II!in!the!NP!area,!in!the!C+hMSCs!(1.07!












0.48dfold)! and! C+HAPSDF5! (1.09! ±! 0.21dfold)! faintly! increased! from! the! control! while!
decreasing!in!the!C+HAPSDF5+hMSCs!group!(0.97!±!0.47dfold).!From!the!observed!results!
regarding! the! col! type! II! distribution,! the! higher! expression! in! the! C+HAPSDF5+hMSCs!
observed!by!WB!at!early!time!points!(day!7!and!day!14),!seems!to!be!related!with!a!higher!















































































































Figure!7! |!Col!type!II!analysis! in!situ!by!IF.!Col! type!II!expression!and!distribution! in! the!
tissue!was!accessed!by!IF!in!sagittal!sections!of!the!IVD.!A!|!Representative!sections!of!col!
type! II! expression! both! in! the! AF! and! NP! of! the! different! time! points.!B! |! Fluorescence!
quantification! in! the! NP! and! AF! tissue.! Results! are! normalized! by! the! cavity! control! and!







according! to!previous!described!methods31.!Agg!matrix! expression! (Figure!8B)!was!higher!















and! day! 21:! 2.38! ±! 1.34dfold,! *p<0.05! relatively! to! the! control,! and! **p<0.01! relatively! to!
C+HAPSDF5!groupT!and!C+HAPSDF5+hMSCs!(day!7:!1.09!±!3,61dfold,!day!14:!1.41!±!2.06d










expression!was!observed!at!day!7! (1.13!±4.22dfold),!while!decreasing! in! the! following! time!
points!(day!14:!0.79!±!1.20dfold!and!day!21:!0.63!±!0.98dfold).!
From!these!results,! it!was!clear! that! the!presence!of!hMSCs,!had!an! impact!on! the!
increasing!agg!expression!both!in!the!tissue!and!in!the!pericellular!area,!namely!in!later!time!
points,!such!as!day!14!and!day!21,!as!previously!described31.!Although,!in!the!particular!case!
of! agg! expression,! no! difference! between! both! the! groups! (C+hMSCs! and!







































































































































































! !To! further! understand! the! role! of!HAPSDF5+hMSCs! in! the!matrix! remodelling,!we!
have!compared! the! levels!of! three!different!growth! factors,! known! to!be! involved! in!matrix!
synthesis!in!the!IVD!and!cartilage!as!previously!identified!by!other!works!in!the!group31,!in!both!
C+hMSCs!versus!C+HAPSDF5+hMSCs!groups.!For!that!purpose,!the!levels!of!TGFdβ1,!bFGF!
and! GMdCSF! were! quantified! by! ELISA! at! different! time! points:! day! 7,! 14! and! 21,! and!
correlated!with!a!higher!cell!migration!and!matrix!expression!pattern!observed.!!
TGFdβ1!is!known!to!be!involved!in!col!type!II!and!agg!metabolism!of!IVD!cells36.!Both!












bFGF! has! been! associated! with! IVD! cells! proliferation37,38! but! also! to! hMSCs!
differentiation!into!NPdlike!cells39.!In!what!regards!to!matrix!synthesis,!bFGF!was!described!to!
increase!cell! biosynthetic!activity!and! the!deposition!of! col! type! II! and!glycosaminoglycans!
when! supplemented! in! chondrocyte! cultures40,! and! to! increase! synthesis! of! sulfated!
proteoglycans!by!NP!cells,!during!expansion41,!moreover,!this!growth!factor!seems!to!play!a!
critical!role!in!agg!catabolism!by!controlling!the!activity!of!agg!degrading!enzymes!in!human!
articular! cartilage42.! Here! in,! the! assessment! of! bFGF! concentration! in! the! culture! media!
revealed! that! an! increase! in! bFGF! did! not! correlate! with! an! increase! in! agg! deposition.!




































































































Ex$vivo!models!have!been! important! tools! in! the!study!of! IVD!nature!and!new! therapies44.!
Comparatively! to! in$ vitro! studies,! they! offer! a! more! complex! environment! that! closely!





II!and!agg31,!demonstrating! the!ability!of! these!cells! to!migrate! through! the! IVD! tissue!and!
moreover,!the!potential!of!the!CEP!as!an!alternative!route!for!cell!based!therapies.!Combining!
this! results! with! the! work! of! Henriknsson! et! al.! that! reported! stem! cell! niches! in! the! IVD!
surroundings! and! migrating! routes! towards! the! disc24,25! and! the! establishment! of! a! new!





to! recruit! stem!or! immune!cells! to!participate! in! the! tissue! repair.!The! IVD! itself,! has!been!
demonstrated! to! secrete! specific! chemokines! during! the! degenerative! process,! namely!
CCL5/RANTES29,30.!Still,! the!endogenous! repair!mechanisms!are! sometimes! insufficient! to!
achieve!a!successful!tissue!regeneration.!To!enhance!this!effect,!our!team!recently!developed!
a! chemoattractant! delivery! system,! based! on! the! combination! of! a! thermoresponsible!HAd
based,! containing! a! welldknown! chemoattractant,! SDFd132.! Following! the! injection! of! this!
chemoattractant! delivery! system! in! the! nucleotomized! ex$ vivo! IVDs,! we! were! able! to!
significantly! trigger! the! migration! of! CEPdseeded! hMSCs! towards! the! lesion,! 48h! after!
treatment,!therefore!increasing!the!number!of!cells!in!the!IVD!tissue.!!
In! this! work,! we! hypothesized! that! by! enhancing! the! hMSCs! recruitment,! using!
HAPSDF5,!we!would!be!able!to!improve!tissue!repair!by!increasing!cell!numbers,!and!induce!
an!early! or! higher!effect! in! the! IVD!matrix,! therefore!empowering! the!previously!described!
effect!of!hMSCs!alone.!HAP!hydrogel!has!been!previously!used!in!for!IVD!repopulation!with!






1! was! entrapped! in! the! HAdbased! hydrogel! (HAP)! and! injected! in! the! cavity! previously!
performed!in!the!NP!of!each!disc,!previously!to!hMSCs!seeding!in!the!CEP.!These!discs!were!
maintained!in!culture!during!7,!14!and!21!days.!Overall,!independently!of!the!time!points,!discs!
remained!metabolically! active,! regardless! of! the! groups! (Figure! |! 3).! SDFd1! release! to! the!
medium! was! significantly! higher! in! the! groups! where! SDFd1! was! added! exogenously!
























significantly! the!expression!of! these!two!matrix!components.!On!the!other!hand,! the!higher!
recruitment! of! hMSCs! at! day! 14,! resulted! in! significantly! increased! col! type! II! production!
(Figure!6),!suggesting!that!HAPSDF5!through!hMSCs!recruitment!can!accelerate!col!type!II!
synthesis!in!this!model.!!In!the!particular!case!of!agg,!our!results!showed!a!significant!higher!
matrix! deposition! of! agg! at! day! 14! in! both! hMSCs! containing! groups! (C+hMSCs! and!











Free! active! TGFdβ1! concentration! was! assessed! in! the! IVD! culture! media.! A! higher!
concentration!of!this!growth!factor!could!be!correlated!with!the!results!observed!for!col!type!II!
expression,!as!an! increase!of!TGFdβ1!was!observed! in! the!C+HAPSDF5+hMSCs!group! in!
early!time!points!(day!7!and!day!14),!along!with!the!higher!expression!of!col!type!II!observed!
in! the! same! type! points! in! the! presence! of! HAPSDF5+hMSCs.! bFGF! was! described! to!
enhance! the!synthesis!and!accumulation!of!ECM! in! the!metabolism!of! the!growth!plate!or!
articular! cartilage47,48,! in! the! IVD! bFGF! has! been! described! to! stimulate! proteoglycans!
synthesis!in!a!canine!model49!and!to!increase!cell!proliferation!in!discs!of!rats41.!In!this!work,!





have!also! reported!contradictory! roles!of! this! factors! in! the! IVD.!Wallach!et!al.! reported!an!
inhibitory!effect!of!TGFdβ1!on!proteoglycans!synthesis50,!while!bFGF!has!also!been!suggested!
to! have! a! catabolic! role! in! disc! homeostasis,! by! being! upregulated! in! painful! degenerated!
discs51! or! by! inducing! catabolism! through! the! production! of! MMPd13! and! inhibition! of!
proteoglycans!synthesis52.!From!these!results,!TGFdβ1!can!be!suggested!as!one!of!the!players!
in!the!beneficial!effect!observed!by!HAPSDF5drecruited!hMSCs!in!this!IVD!ex$vivo!model.!Still,!






To! exclude! this! effect! through! migrationdinhibition! would! be! an! achievement! worth! to! be!










! To! repopulate! the! IVD! with! cells! that! could! revert! the! degenerative! process! is! an!
ongoing!challenge!in!the!IVD!field.!Our!study!has!shown!the!potential!of!a!chemoattractant!

















































Nucleus! Pulposus! Cells! Isolation! Leads! to! Identification! of! Three! Phenotypically!
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The! IVD!degeneration!process!has!been!unravelled!along! the!past! years,! although!
there!are!still!several!challenges!to!face!when!thinking!about!new!strategies!of!treatment.!The!





II,! such! as! cardiac! regeneration! or! bone! fracture! healing.! Stem! cell! recruitment! following!









Motivated! by! grounddbreaking! achievements! in! the! IVD! field! we! hypothesized! that!
repopulating!the!IVD!with!novel!and!healthy!cells!was!a!plausible!working!hypothesis.!This!is!
based!on!the!existence!of!progenitor!cells!in!areas!surrounding!the!disc,!that!can!be!targeted!

















represent! the! circumstances! of! human! discs! in! the! spine,! these! models! bridge! the! gap!
between! in$ vitro! and! in$ vivo! models,! by! providing! the! complexity! of! the! native! tissue! and!
allowing!the!testing!of!several!strategies!for! IVD!regeneration,!which!would!not!be!possible!
using!human!discs,!due!to!limited!access!to!healthy!discs.!!
In! this!work,! bovine!discs! containing! the!CEP!were! isolated.!Through! the!CEP,! the!
central! part! of! the! disc! was! accessed! and! a! NP! portion! was! removed!mechanically.! The!
maintenance!of!the!CEP!in!the!ex$vivo!organ!culture!might!limit!nutrients!diffusion!to!the!tissue!
in!culture.!Lee!et!al.!compared!the!culture!conditions!of!bovine!discs!with!and!without!CEPs.!
Although! there! was! reduced! cell! viability! in! the! discs! with! CEP,! their! biosynthetic! activity!




















of! the! IVD!degeneration!and! the! level!of!CEP!calcification!constitute!a!concern,!and!some!
precaution!should!be!taken!in!applying!this!technique!in!such!conditions.!
Throughout!this!research!project,!an!ex$vivo!model!of!health!bovine!discs!was!used.!
Though! the! mechanical! damage! can! induce! tissue! loss! and! disorganization,! the! induced!
damage!would!still!be!surrounded!by!native!healthy!tissue.!This!healthy!tissue!would!have!a!
















NPdlike! cell! phenotype! (Risbud! et! al.! 2004).! In! our! work,! the! IVD! organ! culture! has! been!









on! their! presence! in! the! tissue,! rather! than! on! gene! expression! analysis.! Col! type! II! is!
responsible! for! the!disc! tensile!strength! (Antoniou!et!al.!1996)!and! its!structural! integrity! in!







birefringence!of! the!collagen! fibbers.!Both! techniques!have!given!new! insights!on!how! the!










enhancement!was! demonstrated.! hMSCs!were! significantly! triggered! upon! the! injection! of!
HAPSDF5!delivery!system!(Pereira!et!al.!2014),!but!not!when!SDFd1!was!directly!injected!in!
the!cavity!of! the!disc.!This!suggested! that!SDFd1!effect!might!be! impaired!due! to! its! rapid!
diffusion! or! degradation! in! the! IVD! tissue,! a! fact! that! can! be! circumvented! when! using! a!
sustained!delivery!system.!HAPSDF5!provided!the!creation!of!a!chemotactic!gradient!in!the!






like! phenotype! upon! expansion! (Peroglio! et! al.! 2012),! as! well! as! to! induce! hMSCs!
differentiation!towards!the!disc!phenotype!(Peroglio!et!al.!2013).!In!chapter!VI,!the!hydrogel!by!
itself!was!shown!not!to!have!a!notable!effect!on!IVD!matrix.!Besides,!following!IVD!histological!




During! this! work,! it! also! became! clear! that! the! responsiveness! of! stem! cells! is!
fundamental! to! achieve! an! effective! outcome,!when! stimulating! cell! recruitment.! Stem! cell!
responsiveness! to! a! chemotactic! gradient! is! highly! dependent! on! the! expression! of!
chemotactic!receptors.!In!this!particular!work,!the!response!to!SDFd1!gradient!upon!release!
from!the!HAPSDF5!implies!the!expression!of!its!receptors,!CXCR4!and/or!the!rarer!CXCR7.!










cytokines! and! their! receptors,! as! for! example! SDFd1! and! its! receptor! CXCR4,! that!
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consequently! affects! their! ability! to! migrate! (Geißler! et! al.! 2012).! MSCs!markers! such! as!
VCAM1,!an!important!mediator!of!MSCs!interaction!with!endothelial!cells!during!the!migration!
process,! was! show! to! decrease! with! aging! (Turinetto! et! al.! 2016).! Therefore,! the! age! of!
patients!is!a!factor!that!should!likewise!be!taken!into!consideration!when!applying!a!therapy!








accelerated! and! enhanced! by! the! presence! of! HAPSDF5,! as! observed! at! day! 14.! This!
augment!coincided!with!a!higher!number!of!hMSCs!recruited,!as!well!as!a!higher!concentration!
of!secreted!TGFdß,!suggesting!that!this!growth!factor!might!be!one!of!the!key!players!involved.!









residual! concentrations! were! found! in! the! following! days,! suggesting! that! SDFd1! gradient!
action!seems! to!be! limited! in! time.!To! improve! the!sustained! release!of!SDFd1!could!be!a!
strategy!worth!to!explore!in!the!future.!In!addition,!this!system!should!be!tested!in$vivo.!!
The! whole! strategy! here! described! proposes! a! novel! vision! to! the! treatment! of!
degenerated!IVD,!that!intends!to!prevent!the!progression!of!disc!degeneration!to!the!levels!in!
which!more! invasive! treatments! could! be! the!only! available! solution.!The!applicability! of! a!
therapy! that! targets! the! recruitment! of! stem! cells! through! the! injection! a! chemoattractantd
delivering!system!using!the!CEP!route!should!have!a!very!tight!window!of!action.!This!therapy!
should!focus!in!early!and!mild!degenerative!stages,!in!which!it!would!still!be!possible!to!revert!








the! discovery! of! new! IVD! degeneration! biomarkers,! which! could! identify! early! signs! of!









One! important! aspect! that! was! not! addressed! in! this! work! and! that! would! be!
fundamental!to!look!at!is!what!happens!to!hMSCs!as!they!migrate!through!the!IVD!tissue.!We!
have!been!able!to!identify!a!higher!concentration!of!certain!growth!factors!in!the!presence!of!
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